Real-Time Observation of Bimodal Proton Transfer in Acid-Base Pairs in Water

*
The neutralization reaction between an acid and a base in water, triggered after optical excitation, was studied by femtosecond vibrational spectroscopy. Bimodal dynamics were observed. In hydrogen-bonded acid-base complexes, the proton transfer proceeds extremely fast (within 150 femtoseconds). In encounter pairs formed by diffusion of uncomplexed photoacid and base molecules, the reaction upon contact was an order of magnitude slower, in agreement with earlier reported values. These results call for a refinement of the traditional Eigen-Weller picture of acid-base reactions: A three-stage model is introduced to account for all observed dynamics.
Reactions of Brønsted acids and bases involve proton transfer and are of fundamental importance in chemistry and biology, because these are key processes in phenomena such as the autoionization in water (1), the anomalously high proton mobility in water (von Grotthuss www.sciencemag.org SCIENCE VOL 301 18 JULY 2003 REPORTS mechanism) (2), acid-base neutralization reactions (3), enzyme catalysis (4), and proton pumps through membrane protein channels (5) .
In particular, acid-base neutralization reactions in solution have been the subject of a multitude of studies. According to Eigen (6, 7) and Weller (8) , general acid-base reactions in solutions are bimolecular in nature and consist of (i) diffusional motion, where the acid and base approach each other to form an encounter pair when the mutual distance equals the reaction contact radius, followed by (ii) intrinsic proton transfer and (iii) subsequent diffusive separation. Theoretical studies have focused on step (ii) and on whether the reaction rate is determined by activated dynamics of the proton over a reaction barrier (9) (10) (11) or by proton-tunneling motion through the barrier (12) or whether solvent motions play a dominant role (13) . Experimentally, within the framework of the Eigen-Weller model, the intrinsic proton-transfer rates have been found to lie in the range of (10 ps) Ϫ1 M Ϫ1 with a typical reaction contact radius of 6 to 8 Å. However, diffusion rates are typically much slower than the on-contact proton-transfer rates, so direct access to the actual proton-transfer reaction dynamics between freely diffusing acid and base molecules in liquid solution remains problematic. Moreover, the role of the solvent in the acid-base encounter pair formation remains to be solved, in particular with respect to the observed intrinsic acidbase intermolecular proton-transfer rates contrasting strongly with observed dynamics in molecular systems that show intramolecular hydrogen transfer after electronic excitation (with typical time constants on the order of 100 fs) (14) .
We have used photoacids (15) to prepare unreactive acid-base pairs in aqueous solution that are linked by a specific intermolecular (weak) hydrogen bond along which the protontransfer reaction eventually occurs. An optical trigger pulse switches the acidity of the photoacid by several units of pK a (where K a is the acid dissociation constant), initiating the protontransfer reaction along the preexisting hydrogen bond (Fig. 1) . Until now, proton-transfer dynamics of photoacids have been studied by probing electronic states of the photoacid or its base conjugate through time-resolved fluorescence or optical-pump/optical-probe spectroscopy (16, 17) . These methods do not directly detect the arrival of the proton at the accepting site. Moreover, in condensed phase studies, electronic transitions are usually sensitive to intramolecular vibrational redistribution, vibrational cooling (vibrational energy dissipation to the solvent), and solvent reorganization (solvation dynamics) that may mask the ultrafast dynamics of the proton-transfer process (18) .
We used femtosecond mid-infrared (mid-IR) spectroscopy after the optical trigger pulse to follow specific IR-active vibrational marker modes present at the proton-donor and protonacceptor sides. The photoacid 8-hydroxy-1,3,6-trisulfonate-pyrene (HPTS) (19 -22) , when dissolved in deuterated water, changes its pK a after photoexcitation from 6.6 to 0.0 to become a strong acid. In an HPTS-acetate complex, the photoacid will only transfer its deuteron to acetate (with a pK a of 4.8) when excited to the S 1 state ( Fig. 1 and Scheme 1).
The largest changes between the IR spectra of electronic ground-state photoacid and photobase occur in the 1250 to 1600 cm Ϫ1 frequency range, where vibrational bands of modes with aromatic ring C-O stretching activity are found (23, 24) (Fig. 2) . We used the IR-active CϭO stretching mode of acetic acid located at 1720 cm Ϫ1 to monitor when the deuteron arrives at the accepting base over an acetate concentration between 0.25 and 4 M. At the lower concentrations, we observe a competition between deuteron transfer to the solvent and to the base from initially uncomplexed HPTS. At higher concentrations of acetate, we detect dynamics of hydrogen-bonded HPTS-acetate pairs initially prepared in the ground state.
We allocate a transient band at 1486 cm Ϫ1 , which appears upon electronic excita- tion of HPTS within time resolution, to be indicative of the photoacid in the S 1 state, and a band at 1503 cm Ϫ1 , which grows in on a time scale of several hundred picoseconds in the case of HPTS in D 2 O (no acetate added), to be a marker for the deuteron-transferred HPTS ( photobase) in the S 1 state (Fig. 2 ) (25) . We measure the signals at parallel and perpendicular polarizations to correct for rotational anisotropy decay (time constant is 150 ps, assuming spherical rotational diffusion). The deuteron transfer occurs with a 250-ps time constant, in accordance with previous reports (19) .
The transient CϭO marker band provides a direct measure of the fraction of acetic acid generated by deuteron transfer, because no other species (HPTS photoacid and photobase or acetate) contributes in this frequency range. For an acetate concentration of 4 M, an initial substantially large contribution to the transient CϭO band is generated within our time resolution (150 fs) that does not alter its magnitude and shape significantly within the first 1 to 2 ps. This initial contribution reveals through its dynamics a different microscopic origin than the additional CϭO signal that grows in with a time constant depending on acetate concentration.
We ascribe this initial component of the transient CϭO stretching band signal to the fraction of HPTS molecules that form a hydrogen-bonded complex with acetate when HPTS is in the ground electronic state. This fraction transfers its deuteron, after electronic excitation, to the associated acetate within our time resolution. When comparing the magnitude of the initial component relative to the total CϭO signal that is generated [relative fractions are 0.54 for 4 M, 0.39 for 2 M, 0.24 for 1 M, and 0.11 for 0.5 M acetate; no detectable fraction was observed for 0.25 M acetate ( Fig. 3) ], we derive a complexation constant for HPTS and acetate of 0.28 (26) . This bimolecular reaction rate is at least one order of magnitude larger than the rate previously reported (21) and likely originates from a HPTS-acetate "tight" complex observed at high acetate concentrations, made up by a direct hydrogen bond between the photoacid (A) and the base (B) of the type A Ϫ H ϩ⅐⅐⅐ B Ϫ , with water solvent molecules present only in the outer sphere of the complex. Direct hydrogen-bonded complexes are typical of relatively nonpolar environments not rich with water molecules. Aqueous solutions of acetate salts in excess of 1 M concentration appear to resemble waterdeficient environments as far as their solvation abilities are concerned. At lower concentrations of acetate salts, aqueous solutions retain their bulk properties and fully solvate the acid and base molecules.
We ascribe the concentration-dependent dynamics of the CϭO signal to the fraction of HPTS molecules that initially are uncomplexed when in the ground state and that upon electronic excitation to the S 1 state will either, depending on the acetate concentration, transfer the deuteron to a nearby acetate molecule that has diffused to form an encounter complex with HPTS or to the solvent D 2 O, after which the deuteron will be ultimately picked up by an acetate ion. Here, we compare measurements of the rise of the HPTSanion band at 1503 cm Ϫ1 with the rise of the CϭO band of acetic acid at 1720 cm Ϫ1 at a specific acetate concentration (Fig. 3 ). After correction for rotational anisotropy effects on the anion band, comparison of the rise times of the HPTS photobase and the acetic acid signals reveals that, for concentrations of 1 M of acetate or higher, direct deuteron transfer to the base in the "loose" and "tight" complexes dominates the reaction dynamics. In contrast, for lower concentrations of acetate, the HPTS-photobase signal rises faster than the acetic acid signal and indicates that deuteron transfer to the solvent occurs before deuteron pickup by the base. We analyzed the fraction of the diffusioncontrolled dynamics with the use of the expression for the time-dependent rate constant for a bimolecular reaction controlled by diffusion as derived by Szabo with the use of the Collins-Kimball radiative boundary conditions at contact (24, 27) . The calculated response appears to mimic the observed signals in a consistent way, considering the assumptions made for the input parameters.
The dynamical model emerging from these observations points to a three-stage reaction scheme for acids and bases forming encounter pairs in water-rich environments (Fig. 4) . Initially, diffusion allows the acid and base to form a "loose" encounter complex, each retaining its water solvation shell, at contact distance a. The reaction continues to be driven downhill, but now at the expense of the solvation energy of the solvent that needs to at least partially desolvate (or "rearrange") the acid and base pair for further approach. This step is relatively slow compared to the final reaction stage of proton transfer along the hydrogen bond. The actual proton transfer along the connecting hydrogen bond occurs within a few hundred femtoseconds. The above-outlined mechanism agrees with the observation of Eigen and Weller of abnormally large contact radii measured in many diffusioncontrolled acid-base reactions, including the self-neutralization reaction of water (OH -ϩ H ϩ 3 H 2 O), where a large reaction distance of 6 to 8 Å was derived by various groups (3, 6, 
28).
Interestingly, a recent theoretical study on the HF dissociation-recombination reaction (29) has led to a conclusion in favor of a three-stage proton-transfer reaction mechanism and has found a concerted reaction mechanism upon diffusional encounter to be energetically unfavored. Ϫ1 We have ascribed the bimodal proton-transfer dynamics to contributions from preformed hydrogen bonding complexes and from initially uncomplexed acid and base. We report on the observation of an additional ͑6 ps͒ Ϫ1 contribution to the reaction rate constant. As before, we analyze the slower part of the reaction within the framework of the diffusion model and the fastest part by a static, sub-150 fs reaction rate. Adding the second static term considerably improves the overall modeling of the experimental results. It also allows to connect experimentally the diffusion controlled bimolecular reaction models as defined by Eigen-Weller and by Collins-Kimball ͓D. Shoup and A. Szabo, Biophys. J. 40, 33 ͑1982͔͒. Our findings are in agreement with a three-stage mechanism for liquid phase intermolecular proton transfer: mutual diffusion of acid and base to form a ''loose'' encounter complex, followed by reorganization of the solvent shells and by ''tightening'' of the acid-base encounter complex. These rearrangements last a few picoseconds and enable a prompt proton transfer along the reaction coordinate, which occurs faster than our time resolution of 150 fs. Alternative models for the explanation of the slower ''on-contact'' reaction time of the loose encounter complex in terms of proton transmission through a von Grotthuss mechanism are also discussed. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1804172͔
I. INTRODUCTION
A. General background
The dynamics of fast bimolecular reactions in solution have been subject of considerable interest to experimentalists and theoreticians for many years. Reactions of which the progress is influenced by the transport of reactants have been of particular interest in chemical, physical, and biological studies. [1] [2] [3] [4] [5] [6] [7] Investigation of these reactions have included proton [8] [9] [10] [11] [12] [13] and electron transfer, 14, 15 ion associationdissociation, 16 excimer formation, 17, 18 dynamics of proteins, 19 enzymes, and membranes, 20 and fluorescence quenching. 3, 7, [21] [22] [23] [24] It has been conventionally assumed that the reactants are transported and encounter each other by macroscopic diffusion and that the overall rate of bimolecular reactions is limited by diffusion. Generally speaking, diffusion-influenced bimolecular reactions may be viewed as made of two consecutive stages. The diffusion stage consists of movement of the reactants towards each other to the point where they encounter each other and form a reactive pair. The diffusive stage is followed by the reactive stage which takes place within the boundaries of the reaction ͑encounter͒ volume.
The first quantitative description of a diffusion-assisted reactive process was proposed by von Smoluchowski over 80 years ago in order to describe colloidal aggregation. 25 It models reactants as rigid spheres that react with unit probability upon mutual contact. The reactive configuration is defined by only one reaction parameter usually termed ''the contact ͑reaction͒ distance.'' Debye has generalized the von Smoluchowski model to include the important situation where reactants interact via a potential of a mean force U(r). 26 For ionic reactants, U(r) was approximated by the Coulomb potential leading to the well-known Debye-von Smoluchowski equation ͑DSE͒. The DSE was solved analytically for relatively long times after the time of initiation of the reaction by Hong and Noolandi. 27 29 This expression can be easily implemented to interpret experimental data, which is the major advantage of the SCK model.
Both the DSE and the SCK formalisms result in a time dependent rate constant for diffusion assisted reactions; the rate constant decreasing from its early reaction-time value to its steady-state value. The time dependence of the rate constant is a consequence of relaxation of the separationdistance distribution between the reactants from its initial, nonreactive value to its steady-state ͑reactive͒ value.
Dynamic fluorescence quenching has been used many times as a probe for the transient effect of the time dependence of the reaction rate coefficient may be observed. Nemzek and Ware were first to observe the phenomenon of timedependent fluorescence quenching rates in their pioneering work on fluorescence quenching in high viscosity solvents. 21 Combining time-resolved and steady-state measurements, they were also able to recover the ''static'' ͑nondiffusional͒ quenching rate. This static reaction part of a bimolecular reaction refers to the reaction rate of the fraction of the reactants, which at the onset of the reaction are at close proximity to each other, and so may react without diffusion. In experiments having limited time resolution the static reaction is a near ␦ function in time and its relative amplitude is governed by the separation distribution of the reactants in the ground state prior to the initiation of the reaction. In the event of direct complexation between the reactants, the relative amplitude of the static reaction is determined by the equilibrium constant of the complexation process.
The studies of diffusion-influenced electron-transfer reactions have usually employed time-correlated single photon counting and time-resolved phase modulation method ͑in which the time resolved emission is determined from the frequency response of the emission to intensity modulated light͒. 24 These fluorescence measurements have limited time resolution ͑typically, 30-90 ps instrument response time͒ relative to the extremely rapid electron transfer rate. The experimental results have been usually described by the SCK model with the transient part of the reaction masked in many occasions by the limited time resolution of the experiment.
Eads et al. 22 have used photon counting, fluorescence upconversion, and steady-state measurements to examine the quenching of rhodamine B by ferrocyanide. Neither the von Smoluchowski model nor the Collins-Kimball extension described the data well. Both the von Smoluchowski and Collins-Kimball boundary conditions assume that the reaction occurs only at a single separation distance and that the reaction rate is zero for all other separations. This is a very good approximation for proton transfer but fails to take into account the distance dependence of electron and energy transfers. A more satisfactory description of the data was achieved by incorporating a simple position-dependent sink model indicating a strong distance dependence for the reaction rate similar to the one found by Song et al. 30 Later on, Shannon and Eads examined the quenching of 7-aminocoumarin fluorescence by aniline and N,N-dimethylaniline in methanol. 23 They showed that the SCK model accurately described the 7-aminocoumarin/aniline system but not the 7-aminocoumarin/N,N-dimethylaniline system. Their analysis also showed that the electron transfer process exhibited a strong distance dependence on the donor-acceptor spatial separation and that it could be treated successfully using the Wilemski-Fixman approximation for the sink term. 31 Yabe et al. have more recently shown that even the von Smoluchowski model is adequate to describe the quenching of coumarin-15 with N,N-dimethylaniline at low concentrations. However, at higher concentrations the authors had to use an empirical potential between the donor and quencher to establish the spatial distribution of the quencher near the donor. 32 A particular branch of diffusion-assisted bimolecular reactions of fundamental importance in chemistry and biology is the neutralization reaction between Brønsted acids and bases. 8 -13,33 These reactions involve proton transfer, a key process in elementary phenomena such as acid-base neutralization and enzymatic reactions, 20 the abnormal high proton mobility in aqueous solutions, 34 the autoionization in water, 35 and proton pumps through membrane protein channels. 36 According to Eigen and co-workers 11,12 and Weller 2,9,10 reversible general acid-base reactions in solution are diffusion assisted and may be generally modeled by an overall three-step reaction scheme consisting of a two-stage proton transfer scheme at each side of the acid-base equilibrium ͑Fig. 1͒. Each of the two-stage proton transfer reaction is made of ͑1͒ diffusional motion, where the acid and base approach each other to form an encounter pair when the mutual distance equals the reaction contact radius, and by ͑2͒ intrinsic ͑contact͒ proton transfer. Each one-side protontransfer reaction is completed by subsequent separation of the products by diffusion ͑3͒. Theoretical studies have focused on the actual ͑contact͒ proton-transfer event, reaction stage ͑2͒, and have tackled questions such as whether the reaction rate is determined by activated dynamics of the proton over a reaction barrier [37] [38] [39] or by proton tunneling motion through the barrier 40 or a mixture of the two processes, and the extent of the role of solvent in determining the reaction coordinate. 41 Within the framework of the Eigen-Weller model, the intrinsic proton transfer rates have been assumed to lie in the range of ͑10 ps͒ Ϫ1 -͑1 ps͒ Ϫ1 with a typical reaction contact radius of 5-8 Å. However, diffusion rates are typically much slower than the on-contact proton transfer rates, so the direct observation of the actual proton transfer reaction dynamics between freely diffusing acid and base molecules in liquid solutions has remained problematic. Moreover, the role of the solvent in the acid-base encounter pair remains to be solved, in particular with respect to the observed intrinsic intermolecular proton transfer rates which have been found to be at least one order of magnitude slower than the characteristic time scale of intramolecular hydrogen and proton transfer reactions in many molecular systems following electronic excitation; many of them having typical time constants on the order of 100 fs. 42 At low concentrations, acid-base pairs are formed by bimolecular encounters of which the frequency is controlled by diffusion. The encounter rates are typically much slower than the on-contact proton transfer rates, so the direct measurement of the actual ͑contact͒ proton transfer reaction has been one of the basic objectives in acid-base chemistry. 2, 9, 10 The obvious way to eliminate the dominating ͑rate-limiting͒ diffusion stage is by studying acid-base pairs in direct contact to each other. This strategy for the elucidation of the intrinsic bimolecular reaction mechanisms has been used before in time-resolved studies of low temperature gas-phase clusters [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] and in liquid solution. [57] [58] [59] [60] [61] [62] [63] [64] [65] In the case of room temperature liquid solutions, however, one always has to consider the possibility of a variety of conformations when the reaction partners are associated to each other. This could lead to situations where the reaction partners are oriented in less favorable geometries, and as a result the reaction coordinate is not formed. A distribution in relative orientations will even take place in the case of electron transfer from an electron donating solvent to an electron acceptor, 66 -71 and as such it remains to be resolved how the reaction coordinate is composed when electron donor and acceptor are nearest neighbors. In the case of hydrogen-bonded complexes in nonpolar solvents the proton transfer reaction coordinate is formed when the acid-proton-donating and base-protonaccepting groups are directly connected to each other by a hydrogen bond. [59] [60] [61] In protic self-associate solvents such as water it could well be that, besides a fraction of directly bound acid-base complexes, another fraction of the associated acid-base complexes may be temporarily connected to each other through a water wire, i.e., one or several water molecules connecting the acid-proton-donating and the base-proton-accepting groups via a continuous network of hydrogen bonds. In this context we also refer to an elegant cluster experiment on 7-hydroxyquinoline-(NH 3 ) 3 , where proton donating and accepting groups are connected by a wire of ammonia molecules. 54 Pines and co-workers 72 made an attempt to directly measure the intrinsic proton transfer rate at reaction contact of several naphthol-and pyrenol-type photoacids and several types of carboxylic bases in aqueous solution. In the ground state, these acid-base pairs are unreactive. They are linked by a network of intermolecular hydrogen bonds along which the proton transfer reaction eventually occurs when an optical trigger pulse switches the acidity of the photoacid by 5-9 units of pK a ͑where K a is the acidity constant of the photoacid in the ground state͒. Such excited state proton-transfer reactions were measured at 1M and 8M concentrations of the carboxylic base. 72 The time resolution of the experiments was limited by the time response of the single-photoncounting apparatus ͑17-22 ps͒. The conclusion was that the intrinsic proton-transfer rate may be estimated directly in very high concentrations (8M ) of a complexing Brønsted base, thus circumventing the limitation imposed by diffusion. Pines et al. also analyzed the proton-transfer rates in the solutions containing 1M of carboxylates, by considering a twostage bimolecular reaction scheme, based on the EigenWeller model. They showed that the bimolecular rates measured in the most exothermic proton-transfer reactions appear to be larger than their steady-state values. However, the expected time dependence of the reaction rate constants was masked by the parallel proton-transfer reaction from the photoacid to the solvent and by the limited time resolution of the single-photon-counting apparatus. Consequently, the need for more refined experiments having better time resolution was recognized and called upon.
Using the technique of femtosecond UV-pump-VIS probe, Genosar et al. 73 have utilized one of the reactive systems that had been previously investigated by Pines et al. 72 and measured the proton-transfer reaction of the photoacid ͓8-hydroxy-1,3,6-trisulfonate-pyrene ͑HPTS͔͒, at the concentration range of (0.5-4)M of sodium acetate in water. Values of 1.6ϫ10 11 M Ϫ1 s Ϫ1 and 4ϫ10 10 M Ϫ1 s Ϫ1 for the intrinsic bimolecular proton transfer rate between photoexcited HPTS and acetate in H 2 O and D 2 O, respectively, were extracted using the SCK approach. These values are significantly larger than the corresponding diffusion-limited rate constants of the reaction that were measured at long times, 72, 73 and with the increased time resolution the overall bimolecular reaction rates were found indeed to be time dependent. Although very fast transients on the time scale of several hundred femtoseconds to a few picoseconds were also observed by Genosar et al. they were identified as emerging from the ultrafast solvation dynamics of the photoacid and from excited-state absorption contributions to the pump-probe signal. 73 To better explore the nature of the nonexponential ͑tran-sient͒ kinetics in acid-base reactions Cohen et al. 74, 75 conducted single-photon-counting measurements between a photoacid, 2-naphthol-6-sulfonate, and high concentrations of acetate base in a medium of high viscosity ͑water-glycerol mixtures͒ to slow down the diffusion by roughly a factor of 40 as compared to that in pure water. Marked nonexponentiality of the reaction rate was observed and the kinetics were adequately described by the SCK model.
The experiments by Pines et al., 72 Genosar et al., 73 and Cohen et al. 74, 75 have demonstrated that application of optical spectroscopy imposes limitations on the outcome when applied to study proton-transfer dynamics. 76 The unparalleled sensitivity and dynamic range of the single-photoncounting technique is countered by its limited time resolution. Pump-probe measurements are often complicated by the strong overlap of different contributions ͑bleach, stimu-lated emission, and excited state absorption͒ to the pumpprobe signal. 77 Moreover, in condensed phase studies, electronic transitions are usually strongly affected by excess vibrational excitation, intramolecular vibrational redistribution, and vibrational cooling ͑vibrational energy dissipation to the solvent͒ [78] [79] [80] [81] [82] [83] [84] and solvent reorganization ͑solvation dynamics͒, [85] [86] [87] which may mask the ultrafast dynamics of the proton-transfer process. Time-resolved mid-IR spectroscopy with femtosecond time resolution has the advantage of being largely free of the above-mentioned limitation of conventional time-resolved optical spectroscopy. It has thus become our technique of choice in pursuing contact proton transfer in bimolecular acid-base reactions.
B. The observation of bimodal proton transfer rates by femtosecond-resolved mid-IR spectroscopy
Recently, we have reported on femtosecond-timeresolved measurements of acid-base reactions using optical pump and mid-infrared ͑mid-IR͒ probe spectroscopy. 88 Specific infrared active vibrational marker modes were followed at the proton-donor ͑photoacid͒ and proton-acceptor ͑car-boxylate͒ sides. We have used the benchmark photoacid HPTS ͑Refs. 72 and 73͒, which served as an ultrafast optical switch for the IR-probed proton-transfer reaction. We have used concentrated solutions of a carboxylate base, the acetate anion, which was the proton acceptor, 72 a reaction condition introduced by Pines et al., 72 and the solvent was deuterated water ͑Fig. 2͒. We observed a bimodal proton-transfer rate: a sub-150 fs reaction component ͑that has not been reported before͒ is followed by a nonexponential part found to be at least one order of magnitude slower than the first one. The time behavior of the slower reaction component was found to be in general agreement with the previous reports on the same reaction. 72, 73 Its time dependence was treated using the SCK model. 73 We have attributed these two time components to dynamics of the two fractions of directly and indirectly interacting acid-base molecules, respectively. Using both IR and optical spectroscopies we have demonstrated that a significant fraction of acid-base pairs is directly linked by a hydrogen bond already in the ground state of the photoacid in concentrated acetate solutions.
Only after an optical trigger pulse, the deuteron transfer reaction is initiated from the HPTS to the acetate base along this preexisting hydrogen bond. We have attributed the ultrafast reaction dynamics, observed to be faster than the experimental time resolution of 150 fs, to deuteron transfer in ''tight'' hydrogen-bonded HPTS-acetate complexes ROD¯B Ϫ →RO Ϫ¯D B without intermediate water molecules. The remaining part of the acid-base population reacted in a diffusion-assisted fashion which was modeled by the SCK reaction mechanism. 29, [73] [74] [75] In accordance with previous observations, [72] [73] [74] [75] the diffusion-assisted reaction was found to be much slower, with an intrinsic on-contact reaction time constant on the order of several picoseconds. Our observation of bimodal reaction dynamics reveals a paradigm. We have found a much faster reaction rate for acidbase pairs in direct contact than what is predicted when analyzing the reaction dynamics of the fraction governed by diffusional motion. The significant difference in the reaction time scales can only be reconciled into one picture by assumption of an extra, inner sphere, reaction stage in acidbase reactions in aqueous solutions that has not been observed before and was accessed by using concentrated solutions of a proton acceptor. Our results have thus called for a refinement of the traditional Eigen-Weller picture for low-concentration acid-base reactions in aqueous solutions.
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C. Outline of the paper
In this contribution we aim to unify the reaction model for acid-base reactions at low and high concentrations by considering the outcome of femtosecond mid-infrared ͑mid--
Possible deuteron transfer reaction steps that play a role in the acid-base neutralization of HPTS and acetate in deuterated water, as investigated in this study. At the lowest concentrations (0.25M acetate͒ HPTS transfers its deuteron to water, to be followed by deuteron pickup by the acetate. At higher base concentrations (Ͼ1M acetate͒ acetate scavenges the deuteron directly from HPTS. In the highest base concentrations used in this study direct complexes between HPTS and acetate exist before photoexcitation, which will promptly transfer the deuteron after photoinitiation of the reaction. IR͒, steady-state and single-photon-counting UV-VIS spectroscopic methods. We report on the existence of a static component of 6 ps in the proton-transfer reaction between HPTS and acetic base at high acetate concentrations, which is almost two orders of magnitude slower than the sub-150 fs component we have reported before and attributed to acidbase complexes directly linked by a hydrogen bond. 88 We attribute this additional 6 ps component to the fraction of the acid-base contact pairs which are weakly interacting and are formed in the ground state of the photoacid in concentrated acetate-base solutions. These preexisting contact pairs are akin to the contact pairs formed by diffusion in dilute solutions of the acetate base. In agreement with the above reaction model, we report on the correspondence, between this static ͑pseudo-unimolecular͒ proton-transfer rate and the intrinsic ͑bimolecular͒ reaction rate constant k 0 , we have found by analyzing the diffusional part of the same proton transfer reaction by using the SCK formalism.
The paper is organized as follows. In Sec. II we consider the relation between the unimolecular Eigen-Weller reaction constant and the bimolecular Collins-Kimball intrinsic reaction constant and summarize the relevant equations for data analysis, including the dependence of the signals on the relative polarization of the UV-pump and IR-probe pulses. In Sec. III we describe the details of the experimental methods used. In Sec. IV we compare the time-resolved data with predictions of the kinetic model. We outline in Sec. V a general three-stage kinetic model of proton transfer between Brønsted acids and Brønsted bases. This model is in the spirit of the model for general acid-base reactions which was previously considered by Bell briefly in his book on the tunnel effect 89 and was attributed by him to be largely based on the work of Marcus. 90, 91 In Bell's words the acid and base form first ''the encounter complex in which the reactants have come together, but do not interact appreciably and have not undergone any significant modification of their solvation shells.'' The next reaction stage occurs with ''the conversion of the encounter complex into the reaction complex in which the reactants and the neighboring solvent molecules are in positions and orientations favorable to proton transfer'' and the actual proton transfer takes place within the reaction complex. In this study we discuss in detail several possible mechanisms of a three-stage proton-transfer reaction, which are based on our observation of the bimodal proton-transfer reaction between the HPTS acid and the acetate base.
II. RELATIONSHIP OF COLLINS-KIMBALL MODEL TO THE EIGEN-WELLER TWO-STEP PROTON-TRANSFER SCHEME
A. Two-stage bimolecular proton-transfer reaction scheme
We start by considering the Eigen-Weller ͑EW͒ twostage bimolecular proton-transfer reaction as outlined from the reactant side ͑scheme 1; Fig. 1͒ .
Reactants
Reactive-complex
ROH and B are the acid and base, respectively. k D and k ϪD are diffusion-limited reaction rates for the encounter and separation of the reactive complex, and k r and k Ϫr are the unimolecular constants for the intrinsic proton-transfer rates at the contact separation a.
Making the steady-state approximation for the concentration of the complex, the effective overall bimolecular rate constant of the proton-transfer reaction, k f , 92 is given by
B. SCK model of diffusion-influenced reaction with a screened Coulomb potential
We outline below the SCK model [25] [26] [27] [28] of diffusioninfluenced reactions with the radiative boundary at the contact distance a, where the time-dependent second-order ͑bi-molecular͒ rate coefficient k(t) is obtained from the flux of the incoming reactants across the surface of the contact sphere as defined by the closest approach ͑contact͒ distance:
͑2͒
We consider the particular case of large excess of proton acceptors ͑acetate ions͒ over the proton donors ͑photoacid͒, the density of proton acceptors with respect to a single, central proton donor. c 0 is the average concentration of the proton acceptor and D is the relative diffusion coefficient between the two reactants, approximated by the sum of their respective diffusion coefficients, DϭD Ac Ϫϩ D HPTS .
The time dependence of the concentration gradient of the proton acceptor is assumed to behave according to the DSE: [25] [26] where U(r) is the interaction potential as function of distance r, and ␤ϭ1/k B T, with k B the Boltzmann's constant and T the absolute temperature.
In the SCK approach 28 the reaction flux at contact is assumed to be proportional to the local reactant concentration at contact. The proportionality constant k 0 is the intrinsic ͑bimolecular͒ rate constant of the reaction upon contact. In passing and to be further discussed below, we note that k 0 should relate to the on-contact unimolecular rate constant k r of the Eigen-Weller fame of reaction, Scheme 1. In the SCK model the partially absorbing ͑radiative͒ boundary condition is given by 
with the diffusion rate constant k SD :
where k SD is the diffusion-limited second-order rate constant for steady-state conditions at long times after initiation of the reaction, N is Avogadro's number, and erfc means complementary error function. For a Coulomb potential it is not possible to solve the DSE analytically using the SCK boundary condition. The analytic approximation of Szabo 29 for the time dependent rate constant is
͑8͒
with the steady-state diffusion rate constant k SD now given by
͑10͒
The effective radius a eff is defined as
The first term in Eq. ͑8͒ determines the asymptotic value reached at long times, which is the steady-state SCK reaction rate constant:
and the second term describes the transient value of the reaction constant. For reactions where the reaction rate constant on contact, k 0 e Ϫ␤U(a) , is much larger than the diffusion-limited rate constant k SD , one finds that the initial reaction rate constant immediately following the onset of the reaction is k 0 e Ϫ␤U(a) . The initial reaction rate constant decreases with the progress of the reaction until it reaches its steady-state value at long times, k(ϱ)ϭk SCK SS . Both the initial and the steady-state rate constants are bimolecular rate constants. In the event of one of the reactants in large excess over the other, the pseudo-first-order reaction rate constants at these limits are c 0 k 0 e Ϫ␤U(a) and c 0 k SCK SS , respectively, where c 0 is the concentration of the reactant in excess. 
this is not immediately so with the intrinsic bimolecular rate constant k 0 of the SCK model. The relation between the bimolecular reaction constant k 0 and the unimolecular reaction constant k r was first established by Shoup and Szabo. 93 Closely following the derivation appearing in Ref. 93 , we consider CK , the probability that reactants in the SCK model generated at contact are actually reacting. Shoup and Szabo showed that the steady-state SCK reaction rate constant k SCK SS , given by Eq. ͑12͒, is just the diffusion-limited rate constant k SD times SCK , the probability that reactants at contact form a complex and eventually react:
We have defined the reaction complex in the EW reaction model as (RO-H¯B) a ͑Scheme 1; Fig. 1͒ . The probability that this complex reacts is
Following Ref. 93 , we equate ͓Eq. ͑16͔͒ with SCK of Eq. ͑15͒. It may be done in a unique way when the following correspondences exist between the SCK and the EW reaction models:
and
meaning that the second-order rate constant k 0 of the SCK model is proportional to the equilibrium constant for the formation of the reactive complex, K eq , times the first-order rate constant of the EW model for the proton transfer within the acid-base complex k r . The equilibrium constant for the formation of the reaction complex can be written as
which is Fuoss's equation for the equilibrium partition constant between contact-separated and infinitely separated ion pairs. 94 N is the number of particles present in 1 cm 3 of a 1M solution of particles and is sometimes referred to as the Avogadro's number per mM. Substituting this value of K eq in Eq. ͑19͒ we finally relate the bimolecular proton-transfer rate constant k 0 of the SCK model to the unimolecular proton-transfer rate constant within the EW reaction complex:
so k r of the EW reaction model is equal to k 0 of the SCK reaction model multiplied by the relative concentration of the reaction pair at contact separation. At very high concentrations the physical meaning of the two intrinsic reaction constants may diverge if c 0 k 0 e Ϫ␤U(a) is larger than k r . To be consistent with the EW reaction model the ͑concentration dependent͒ bimolecular reaction rate inherent to the SCK model can only approach k r but not exceed it when the bimolecular reaction probability approaches unity. Equivalently, according to the EW model the maximum concentration of the reactive pair at contact is 1/͓(4/3)a 3 N͔ to obey detailed balancing. However, there is no such a constraint in the SCK model, where the effective concentration of the reactants on contact may assume any value depending on the bulk concentration and interaction potential used.
D. The survival probability of the proton donor in presence of an excess concentration of proton acceptor
The survival probability S ROH (t) of a proton donor ROH*, surrounded by an equilibrium distribution of protonacceptor molecules with the initial condition S(0)ϭ1, may be approximated according to the following kinetic equation:
where k w is the first-order dissociation constant of the proton donor ͑acid͒ to the solvent, and c 0 is the bulk concentration of the proton acceptor. k(t) is the time-dependent rate coefficient given by Eq. ͑5͒. Integrating, the survival probability of the acid is given by
͑22͒
For the corresponding rise of the photobase (RO Ϫ ) population one has
For very high concentrations of proton acceptor when proton transfer almost exclusively occurs by the direct reaction between the photoacid and the base ͓k w Ӷ͐ 0 t k(tЈ)dtЈ͔ the decay of the photoacid is given by
͑24͒
and the corresponding rise in the population of the photobase is
͑25͒
The integral of k(t), derived from Eq. ͑5͒, has the following form in the absence of an interaction potential because of very effective screening ͓setting U(r)ϭ0]:
For a screened Coulomb potential it was found 22, 23 that
In our experiment, we approximate the potential between the photoacid ͑HPTS͒ and the proton-base ͑acetate͒ by the Debye-Hückel ͑DH͒ ionic screening law similar to the procedure outlined in Refs. 73 and 95:
where k B is Boltzmann's constant, a is the contact radius, ⑀ is the permittivity of the solution, e is the elementary charge, Ϫ1 is the screening length, and I is the ionic strength, which in our case is practically equal to the acetate concentration, and z 1 ϭϪ1, z 2 ϭϪ3 are the charge numbers of the acetate and HPTS, respectively.
E. The survival probability of the proton acceptor
In this study we are able to follow the proton-transfer kinetics both from the photoacid side and the base side. In order to describe the kinetics of the acetate base we assume that any excited photoacid will ultimately transfer its proton either to the solvent ͑water͒ or to the proton base, where any proton released to the solvent eventually will be picked up by the base ͑proton scavenging by the base͒. 96, 97 The survival probability of the released proton ͑deuteron͒ following acid dissociation to the solvent is given by
At high concentration of base the largest fraction of photoacid transfers its proton directly to the base. The small fraction of proton transfer via the indirect route of acid dissociation to the solvent and then proton pick-up by the base in a diffusion-limited reaction may be approximated by the diffusion-limited rate constant of the reaction, k dl ;
96,97
where U(r)/k B T is defined in a similar fashion as in Eq. ͑28͒
and a eff Ј is given by Eq. ͑11͒ and DЈ is the relative diffusion coefficient between the base and the solvated proton. Finally, the survival probability of the protonated base (H ϩ Ac) is given by
The differential equations for the survival probabilities S H ϩ and S H ϩ Ac ͓Eqs. ͑31͒ and ͑33͔͒ may be solved analytically:
Using the expression for survival probability of S ROH (t), Eq. ͑22͒, we have integrated equations ͑34͒ and ͑35͒ numerically to find the survival probability for proton acceptor. At high concentration of base the proton transfer occurs almost exclusively by direct proton transfer reaction between the acid and the base ͓k w Ӷ͐ 0 t c 0 k(tЈ)dtЈ and S H ϩϭ 0]. Thus, under such conditions the rise of the protonated form of the proton acceptor follows the rise of the conjugated anion of the acid ͑photobase͒ ͓Eq. ͑25͔͒ and is given by Eq. ͑25a͒:
F. Polarization-dependent signals and anisotropy decay
When performing UV-pump IR-probe spectroscopy with linearly polarized pulses one has to take into account the fact that the electronic and vibrational transition moments can be pointing to different directions in the molecular frame. This may lead to pump-probe signals that are polarization dependent. In addition, since the diffusion-controlled protontransfer dynamics occur in our experiments with a time scale similar to that of rotational motions in room temperature liquids ͑several picoseconds up to 1 ns͒, these anisotropic signals may be affected by rotational diffusion. As a result we have taken this into account by assuming that HPTS, in both photoacid and photobase form, is a symmetric rotor, and that for both forms the rotational diffusion axes, as well as rotational diffusion time constant do not change upon the transfer of a proton/deuteron. In this simplified case we can use a simple expression for the time-dependent rotational anisotropy r(t):
where the rotational correlation time rot is connected to the rotational diffusion time constant D rot through the relation rot ϭ1/(6D rot ), and the P 2 (x) denotes the second-order Legendre polynome of x. The anisotropy is described the angle between the optical transition dipole moment of HPTS photoacid and the infrared transition dipole moment of either photoacid or photobase vibrational bands. In reality the expression for the rotational anisotropy of HPTS, being in fact an asymmetric rotor, is more complex, consisting of five different exponentially decaying functions, and several products of direction cosines of the optical and infrared transition dipoles with respect to the principal rotation axes. 98 In addition, one has to include in general the possibility of different rotational principal axes for photoacid and photobase species, as well as different rotational diffusion constants. 99 Since both photoacid and photobase species form a similar number of hydrogen bonds with the solvent through the sulfonate and C-O groups, the structure is almost equal, and the mass is almost identical, we expect that for both species the rotational principal axes and the rotational diffusion time scales to be very similar. Since the acetate orientation will be random with respect to the photoacid optical transition moment from the beginning of the time-dependent reaction, we do not have to include any anisotropy dependencies into the interpretation of the acetic acid marker mode.
The polarization-dependent UV-pump IR-probe signals as function of pulse delay t are then fully described by
with S par (t) the pump-probe signal for parallel polarization configuration and S per (t) for perpendicular polarization of the UV-pump and IR-probe pulses.
III. EXPERIMENTAL METHODS
We used femtosecond mid-infrared ͑mid-IR͒ spectroscopy after reaction initiation with an optical trigger pulse to follow specific infrared active vibrational marker modes, present at the proton-donor ͑either in photoacid or photobase form͒ and proton-acceptor sides ͑indicating the conjugate acid of acetate, acetic acid͒. The second harmonic of a homebuilt 1 kHz amplified Ti:sapphire laser system ͑wavelength 400 nm, pulse duration 55 fs, energy 3-7 J, spot diameter 200 m͒ was used to excite a 100 m thick jet of the sample solutions. Tunable mid-infrared probe pulses of 100-150 fs duration were generated by difference frequency mixing of signal and idler pulses from a near-infrared optical parametric amplifier. 100 After spectral dispersion with a polychromator the probe pulses were detected by a multichannel detector for the mid-IR.
The technique used to acquire fluorescence decay signals was time-correlated single-photon counting, using a Ti:sapphire laser ͑Tsunami pumped by a Millenia X, both purchased from Spectra-Physics͒ operated at 82 MHz, 1 ps pulses, wavelength 400 nm͒. The photocounting data were recorded at 3.14 ps/channel with instrument response function having a full width at half maximum of 20-23 ps. 101 UV-visible absorption measurements were performed using a Hewlett-Packard 8452A diode array spectrophotometer with the spectral resolution of the measurements of 0.2 nm. The steady-state fluorescence experiments were carried out on a SLM-AMINCO-Bowman2 spectrophotometer. Typically, five to nine measurements were taken and averaged for each spectrum. The blank recording was then subtracted from the averaged spectra and the resulting spectra were corrected. We used 20 mM solutions of HPTS ͑8-hydroxy-1,3,6-trisulfonate-pyrene, Aldrich͒ in deuteriumoxide ͑Deutero GmbH, 99.8% deuteration grade͒. Potassium acetate ͑Ald-rich͒ was used in the studies as the proton acceptor base in the concentration range of ͓(0.25-4)M ͔. A small amount of deuterated acetic acid (CH 3 COOD, Aldrich͒ was added to ensure that HPTS was present in the ground state in the acid form. ͑Since we use small amounts of acetic acid, less than 0.05M H-contamination does not occur, as confirmed in additional check experiments.͒ The methoxy derivatives of HPTS, MPTS ͑8-methoxy-1,3,6-trisulfonate-pyrene, Aldrich͒, was used as a control in steady-state measurements.
All measurements were performed at room temperature, Tϭ25Ϯ2°C.
IV. RESULTS AND DISCUSSION
A. Steady-state UV-VIS spectra
We have conducted steady-state UV-VIS spectral measurements of HPTS in solutions containing potassium acetate in concentrations up to 9M . We have observed a red shift of 1.3 nm, 2.6 nm, 3.5 nm, and 4 nm in the electronic absorption spectra of HPTS at 1M , 4M , 6M , and 9M of potassium acetate, respectively, showing a saturation effect as expected when assuming direct complexation reaction between the base and the photoacid in the electronic ground state. In comparison, the absorption spectra of HPTS taken in 4M KCl in H 2 O ͑limit of solubility of KCl is 4.15M at 25°C͒ has yielded a much smaller red shift in the absorption spectra of ϳ0.5 nm ͑Fig. 3͒.
We have also measured as an alternative check the absorption spectra of the methoxy derivative of HPTS ͑MPTS͒ in the same set of solutions. In MPTS the hydroxy group is replaced with a methoxy group, so MPTS cannot form hydrogen-bonding complexes with acetate. Figure 4 compares between HPTS and MPTS and shows the practically negligible spectral shift when adding 6M acetate to a solution of MPTS. We have observed by the same spectral method the complexation of HPTS with the formate base in water, so the complexation with the acetate base was not found to be unique. To verify whether a 1:1 complexation between HPTS and the acetate base occurs, we fitted each absorption spectrum of HPTS in potassium acetate solution as being made of two spectra with varying relative weights: one was the spectrum of HPTS in pure water, and the other the absorption spectrum of HPTS in 9M solution of potassium acetate where full complexation was assumed in the ground state of HPTS. All absorption spectra of HPTS up to 9M of acetate concentration were fully reconstructed with no additional fitting parameters. Figure 5 shows a representative reconstruction of the HPTS absorption spectrum in 3.4M solution of potassium acetate in which case the two forms of HPTS, complexed and uncomplexed, were found to be in roughly equal amounts.
The relative contributions of the two species of HPTS found as function of the acetate concentration up to 9M acetate are subject to a 1:1 complexation process between HPTS and acetate with a complexation constant K HB ϭ0.28M Ϫ1 ͑Fig. 6͒. We have also extracted the complexation constant by comparing the amplitude of the initial component relative to the total acetic acid signal in the IR-time-resolved measurements. The following relative fractions of HPTS directly 88 We obtain from this analysis a complexation constant of 0.3M Ϫ1 , which is practically identical to the complexation constant derived from the analysis of the optical spectral shift in the absorption spectra of HPTS.
The equilibrium constant found for the complexation process between HPTS and acetate corresponds to a free energy of complex formation of about 0.7 kcal/mol. Interestingly, recent calculation of the free energy of formation of the hydrogen bonding complex between the acetate base and phenol in pure water resulted with the value of 3.6 kcal/mol. For the less-polar solvent dimethylsulfoxide ͑DMSO͒ the corresponding value was calculated to be 1.3 kcal/mol. 102 The calculations were made for the formation of the 1:1 hydrogen bonding complex between phenol and acetate with a similar configuration to the one depicted in Fig. 2 . Although this theoretical study may serve as a support for our assignment of the complexation constant between HPTS and acetate to the formation of the directly linked acid-base complex with no water molecules in between acid and base, one should keep in mind the important differences between HPTS-acetate and phenol-acetate systems. HPTS is a much stronger ground-state acid than phenol (pK HPTS Ϸ7 at 1M acetate while pK ph Ϸ9.9 in pure water͒. In addition, the complexation constant of HPTS was measured in concentrated strong electrolyte solution for which a considerable change in the thermodynamic properties may occur compared those in the pure solvent environment. Finally, HPTS is triply charged, whereas phenol is a neutral molecule, which may affect the extent of the interaction with the negatively charged acetate ion. However, at above 1M concentration of a strong electrolyte we expect the charge of HPTS to be effectively screened and its interaction to resemble the interaction of a neutral photoacid. 72 In passing, we note that the complexation constant between phenol and acetate in water is expected to be much larger in less polar aprotic solvents such as DMSO and acetonitrile. This has indeed been verified experimentally 103, 104 in acetonitrile, where a complexation constant of about 660 was measured for the phenol-acetate hydrogen-bonding complex. When comparing with almost any other solvent, it is much more difficult to create stable hydrogen-bonding complexes in water. In fact, in water a direct hydrogen bond between a complexing base and an acid must replace at least two existing hydrogen bonds which the acid and base each form separately with the solvent, thus making direct complexation between the acid and base typically an unfavorable process in dilute aqueous solutions. Only in the case of highly concentrated aqueous solutions of carboxylic bases it is possible to form direct hydrogen-bonding complexes between the photoacid and the base. 
B. Transient IR spectra of HPTS in D 2 O
In our previous report 88 we have indicated that the most significant changes between the IR spectra of electronic ground-state photoacid and photobase occur in the 1250-1600 cm Ϫ1 frequency range, where vibrational bands of modes with aromatic ring and/or C-O stretching activity are found ͑whereas bands between 950 and 1250 cm Ϫ1 are asso- ciated with motions of the SO 3 Ϫ groups͒. Indeed, substantial absorbance changes occur in the same upper part of the fingerprint region for the photoacid and photobase in the electronic excited state ͑see Fig. 7͒ .
We allocate 88 a transient band at 1486 cm Ϫ1 , which appears upon electronic excitation of HPTS within time resolution, to be indicative of the photoacid in the S 1 state, and a band at 1503 cm Ϫ1 , which grows in on a time scale of several hundreds of picoseconds in the case of HPTS in D 2 O ͑no acetate added͒, to be a marker for the deuteron transferred HPTS ͑photobase͒ in the S 1 state. The photoacid band at 1486 cm Ϫ1 is replaced by a photobase band at the same frequency with a weaker transition moment, indicating that the transition is likely to be due to the same vibrational mode. We refrain from analyzing the signals more thoroughly because of the overlap of the bands for the photoacid and photobase S 1 states. We have measured the signals at parallel and perpendicular polarizations to correct for rotational anisotropy decay ͑Fig. 8͒. Analysis of the data shown in Fig. 8 using Eqs. ͑36͒-͑38͒ leads to the finding that the infrared transition dipole moment of the HPTS photoacid band at 1486 cm
Ϫ1
, with its almost identical dynamical behavior for parallel and perpendicular polarization configurations, is about 50°tilted from the optical excitation transition dipole moment, i.e., very close to the magic angle. On the other hand the transition dipole moment of the photobase band at 1503 cm Ϫ1 is closer aligned in the direction of the optical transition dipole moment of the photoacid electronic excitation ͑angle 30-35°͒. The time constant for anisotropy decay is about 150Ϯ30 ps, assuming spherical rotational diffusion. The deuteron transfer has been found to occur with a 250 ps time constant (Tϭ25Ϯ2°C), in accordance with previous reports. 105 We have studied the deuteron transfer dynamics of HPTS to acetate as a function of acetate concentration in the range of (0.25-4)M of acetate. By probing these photoacid and photobase IR marker modes we are able to observe when the deuteron leaves the photoacid. We have inspected the dynamics of the IR active CvO stretching mode of acetic acid located at 1720 cm Ϫ1 to monitor when the deuteron arrives at the accepting base ͑Fig. 7͒. Detection of the rise of the latter acetic acid absorption band serves as a direct measure for the fraction of acetic acid generated by deuteron transfer, since no other species ͑HPTS photoacid and photobase or the acetate base͒ contributes in this frequency range. In the case of the photoacid and photobase bands around 1500 cm Ϫ1 , overlap of absorption bands does occur. We have used singular value decomposition to extract the dynamics of these bands.
As already been reported by us, 88 the deuteron transfer reaction as reflected by the transient appearance of the acetic acid band was found to be bimodal. For acetate concentrations between 0.5M and 4M , an initial population of the Bimodal proton transfer acetic acid ͑the amplitude depends on the acetate concentration͒ appears within time resolution of 150 fs, to be followed by an additional, much slower, rise of the acetic acid signal that at long times follows the diffusion-encounter reaction model. We have previously analyzed this part of the protontransfer reaction using the SCK model assuming fully screened potential ͓U(r)ϭ0, Eq. ͑26͔͒. 88 The rationale behind this analysis was the very high concentration of strong electrolyte present in the solutions of the photoacid. The value of 1/ DH ϭ1.5 Å calculated for the screening length at 4M acetate is so small that the effect of the potential is altogether marginal at such high concentrations. Clearly, the importance of the potential increases with the decrease in the electrolyte concentration. In the present report we have studied solutions down to 0.25M of electrolyte, and thus we have decided to use the DH ionic screening potential throughout the concentration range down up to 4M of acetate in order to keep the analysis consistent for all concentrations.
We have found the amplitude of the initial fast rise of the acetic acid signal to be concentration dependent. Figure 9 shows the bimodal rise of the experimental acetic acid signal in D 2 O solutions containing 2M and 4M of acetate base. Figure 9 also shows data fits using the SCK-Szabo model with screened Coulomb potential, Eqs. ͑25a͒ and ͑27͒, using the DH ionic screening law, Eqs. ͑28͒-͑30͒.
The values for the physical parameters necessary for the kinetic calculations using the SCK-Szabo model have been taken from previous studies 95 Figure 9 shows that the data fits using the SCK model for the diffusive part of the deuteron transfer reaction do not reproduce accurately the observed kinetics of the rise of the acetic acid signal at high acetate concentrations. The quality of the data is considerably improved by adding a static reaction component to the SCK model, Fig. 10 . The implication of this observation will be discussed below in the following section.
For the lower concentration range of acetate, also shown in Figs. 10 and 11 , we have observed, as considered in Refs. 96 and 97, an increasing influence of the indirect deuteron transfer mechanism where the photoacid first dissociates to the solvent and then the deuteron is picked up by the acetate base in a diffusion controlled reaction, Eqs. ͑31͒-͑35͒. To account for the scavenging process, the following reaction parameters were used for the direct acetate-deuteron reaction DЈϭ(5.4-6.8)ϫ10 Ϫ9 m 2 s Ϫ1 , aЈϭ5.5 Å, R D Ј ϭ7.1 Å, and effective reaction radius a eff Ј ϭ(6.7-6.1) Å for the acetate concentration range of (0.25-1.0)M , see Table I and Refs. 73, 96, and 97.
The fits to the experimental data have been optimized by a global run over the full range of acetate concentrations ͓(0.25-4)M ͔. Figure 9 portrays data fits using a uniform value for the intrinsic SCK rate constant at contact for all acetate concentrations,
Using this value for k 0 , the initial pseudofirst-order rate constant at contact, c 0 k 0 e Ϫ␤U(a) , has been found to be ͑6 ps͒ Ϫ1 and ͑14 ps͒ Ϫ1 at 4M and 2M of acetate, respectively, in a similar range of the values of ͑7.5 ps͒
and ͑15 ps͒ Ϫ1 found by assuming full screening. Table I . With addition of a static reaction component to the SCK model we achieve a substantial improvement of the fits at 4M and 2M of acetate ͑Fig. 10͒; the 2 value of the 4M fits decreases from 16 to 3.4. The following relative amplitudes of the static reaction rate component of 6 ps duration have been used in the data fits: 0.25 in 4M , 0.15 in 2M , 0.07 in 1M , 0.05 in 0.5M , and 0.03 in 0.25M . We attribute this static component in the diffusion influenced deuteron transfer reaction to the fraction of weakly interacting pairs already at close range to ͑but not directly complexed to͒ each other at the time of the initiation of the reaction, so the subsequent reaction will be not delayed by diffusion. The reaction rate of this fraction of molecules is directly related to the unimolecular recombination rate constant of the acid-base complex, k r , of the Eigen-Weller model and can be identified with k r if one assumes that it represents the unimolecular reaction rate of acid-base encounter pairs separated by the contact distance a. The validation of the correspondence between k 0 and k r has been sought for long time in protontransfer reactions where contact recombination has been for long considered an excellent assumption, as opposed to electron and energy transfer reactions where reactive pairs interact over relatively long distances with reaction rates that are distance dependent. The assignment is self-consistent with the data fits of the diffusive part of the proton-transfer reaction which have yielded an intrinsic SCK rate constant of k 0 ϭ8ϫ10 10 M Ϫ1 s Ϫ1 . By Eq. ͑20͒ we find for the protontransfer rate of the acid-base complex at contact separation, k r , k r ϭ1.6M ϫk 0 ϭ1.3ϫ10 11 s Ϫ1 which translates to a static ͑exponential͒ component of about 7 ps independent of the bulk concentrations of the acid and base. This value agrees well with the 6 ps ͑exponential͒ component that we have found in the rise kinetics of the acetic acid signal ͑Fig. 10͒.
C. The long time reaction regime and the approach to steady-state diffusion-assisted reaction kinetics
The most important phase in acid-base reactions at low concentrations is the relatively long time regime where the bulk of the reaction is carried out with a steady-state rate constant. In the present study we have investigated both the very short and the long time regimes of the acid-base reaction between HPTS and acetate. Since the long time regime is also accessible to optical probing it is important to verify that the transient IR measurements at long times matches with the high-sensitivity single-photon-counting measurements taken at similar experiment conditions. We have thus For concentrations of 1M of acetate comparison of the rise times of the photobase and the acetic acid signals shows that direct deuteron scavenging by the base dominates the deuteron transfer dynamics, and as such both transients can adequately be described by Eq. ͑25a͒ using an identical value set of reaction parameters. As a result, we can safely assume that for higher concentrations of base the direct scavenging mechanism dominates ͑we cannot measure the photobase 1503 cm Ϫ1 band at higher concentrations because the solutions become opaque at this frequency due to a nearby steady-state band of acetate.͒ In contrast, for lower concentrations of acetate we have observed that the photobase signal, as described by Eq. ͑23͒, rises with faster rate than the acetic acid signal, as described by Eq. ͑35͒. This observation indicates an increasing importance of the indirect deuteron transfer mechanism at lower base concentrations, where the photoacid first dissociates to the solvent after which the deuteron is picked up by the acetate base in a diffusion controlled reaction.
The calculated kinetic responses appear to mimic the observed time-dependent signals for both HPTS-photobase and acetic acid bands in a consistent way ͑Figs. 11 and 12͒. The analysis of the relatively slow kinetics of the deuteron transfer below 1M has-with considerable confidenceresulted with an estimation of the intrinsic deuteron transfer rate of k 0 ϭ(9Ϯ1)ϫ10 10 M Ϫ1 s Ϫ1 , within uncertainty range equal to the directly determined rate constant derived from fitting the results obtained on solutions with above 1M acetate concentrations. We conclude from this that transient IR spectroscopy is a reliable measurement technique for chemical reaction dynamics from about 150 fs to 1 ns, a time range of about four orders of magnitude. The 1 ns time scale is easily accessible to high-resolution time correlated singlephoton counting techniques ͑TCSPC techniques͒. We have collected the time resolved fluorescence of the photoacid at 420 nm, detuned from the fluorescence peak of the photoacid to avoid the small overlap with the fluorescence of the photobase. The time-resolved data have been recorded with an instrument response function ͑IRF͒ of about 20 ps. Figure 13 shows the time-resolved emission of HPTS in D 2 O at a concentration of 1M of acetate. As reported previously by Pines et al. on measurements carried out in H 2 O, 72 the measured decay of the photoacid is reasonably described by one decaying exponent with a pseudo-first-order rate constant kЈ ϭ(105 ps) Ϫ1 after IRF deconvolution ͑Fig. 13͒. A double exponential fit would improve the quality of the fit by about 10% ͑where the second component has 7% of total amplitude and 20% faster decay than first component͒. This is because the partial masking of the acid-base dynamics by the parallel proton-transfer-to-solvent reaction of the photoacid and the effective diminishing of the geminate recombination reaction between the HPTS anion and the proton ͑deuteron͒ due to the very efficient proton ͑deuteron͒ scavenging by the acetate base and to almost complete ionic screening. 96, 97 To show that this apparent near-exponential decay of the TCSPC signal is consistent with the multiphase dynamics found in our femtosecond-time-resolved IR measurements, we used Eq. ͑22͒ with kinetic parameters found by the IR measurements to generate the full survival probability of the excited HPTS, S ROH (t) ͑assuming that under these reaction conditions deuteron geminate recombination does not contribute to the decay function of the photoacid, a fairly correct assumption 73, 96, 97 ͒ and convoluted it with the IRF of the TCSPC system.
The resulting fit between the measured ͑points͒ and simulated ͑solid line͒ signals is shown in Fig. 14 of the TCSPC signal does allow the detection of nonexponentiality in the diffusive part of the decay signal of the photoacid such as reported by Cohen et al. for the 2-naphthol-6-sulfonate reaction with sodium acetate in water/glycerol solutions. 74, 75 We conclude the discussion in this section by stating that we demonstrate in the current work that time-resolved IR measurements are a powerful experimental approach for monitoring diffusion influenced reactions from the earliest onset on a time scale of 150 fs to long reaction times up to 1 ns, when the reactions assume steady-state behavior. We expect that time-resolved infrared spectroscopy will become a powerful tool for monitoring the reaction progress in a broad range of chemical reactive systems.
V. THREE-STAGE REACTION MECHANISM FOR GENERAL ACID-BASE REACTION
The model of acid-base reactions in aqueous solutions, which emerges from our observations, indicate a more complex reaction scheme than what was traditionally envisioned by the Eigen-Weller model. We have identified bimodal behavior not considered by this traditional EW model. Bell indicated in 1980 that a three-stage proton-transfer scheme is consistent with Marcus treatment of proton transfer. 89 Indeed, in view of our recent observations the traditional proton-transfer rate on contact (k r in the EW context͒ must be regarded as an outer sphere ͑overall͒ rate constant. In our experiments the actual on-contact ͑intrinsic͒ rate constant has been found to be at least two orders of magnitude faster. A possible way to take into account these observations is by extending the EW model from a two-stage to a three-stage reaction scheme as was considered by Bell. 89 In the first stage of the reaction, the acid and base form a ''loose'' encounter complex each retaining its water solvation shell. This stage is governed by diffusion and the encounter complex is described by the contact distance a. The second stage of the reaction occurs within the contact volume and is largely controlled by the solvent. We propose that the time scale for the second reaction stage is due to a possible small activation barrier and to-more importantly-solvent reorganization dynamics. The observed time constant of 6 ps is slightly faster than the Debye relaxation time of water ͑which is about 10 ps͒, but still slower than the longitudinal relaxation time L ͑which has a value of about 0.5 ps͒. This intermediate reaction stage is relatively slow compared to the final, inner sphere reaction stage of the proton transfer which we have found to be faster than 150 fs. We thus propose the following three-stage protontransfer reaction scheme outlined below as a possible general mechanism for proton transfer in acid-base reactions in aqueous solutions ͑Scheme 2, Fig. 15͒:   FIG. 15 . Proposed refined Eigen-Weller model with a three-stage mechanism consisting of diffusion, encounter, and reaction stages. The EigenWeller ''on-contact'' reaction rate k r is to be understood as a rate for solvent shell reorganization during which the loose encounter complex reforms to a directly bound reactive tight complex, which promptly transfer a proton along the reaction coordinate with rate k PT .
FIG. 16 . Alternative explanation for the slower on-contact reaction rate k r found for the loose encounter complex. Here the proton transfer proceeds along a water network ͑water wire͒ through a von Grotthuss mechanism, with k Grotthuss ϭk r . 
Scheme2
Here loose and tight complexes indicate the solvent separated and directly linked acid-base complexes. The steadystate rate constant of a three-stage reaction model is straightforward:
According to our findings k PT is likely to be much larger than all other rate constants when the proton transfer reaction is exothermic,
which is the observable reaction rate identical to the overall two-stage reaction rate constant of Eigen and Weller, Eq. ͑1͒.
As discussed before, k r is related to k 0 according to
and is usually assumed to be larger than the rate constant for the separation of the reactant by diffusion, k ϪD . This allows to make an additional approximation which is most commonly used for the favorable direction of a reversible acidbase reaction, k f ϭk D . In our experiment we have found k r ϭ(6 ps) Ϫ1 , which within our experimental conditions of concentrated electrolyte solutions is in line with this assumption. We note that at infinite dilution k ϪD of the HPTSacetate system is extremely large ͓͑3 ps͒ Ϫ1 ͔ due to the large Coulomb repulsion between the negatively charged HPTS and the acetate anion. In this case k ϪD Ͼk r and the overall proton-transfer rate is expected to be considerably smaller than the diffusion-controlled rate although the protontransfer reaction is exothermic.
As we already discussed in great detail, we have found the proton transfer that tight complexes of the photoacid and the acetate base occurs in within 150 fs. One can consider the kinetics of such ultrafast acid-base reactions to take place in three different concentration regimes. When k 0 ͑and k r ) are large compared to diffusion, reaction rates measured at low concentrations will only reveal the diffusion-limited rate constant k D . Raising the concentration to intermediate values can potentially reveal the encounter stage reaction rate between the acid and base, k 0 and k r . Measurements in this concentration range will potentially result in estimation of time-dependent rate constants. [73] [74] [75] Using the SCK reaction model one would determine the value of the bimolecular encounter stage rate constant k 0 or, alternatively, using the EW model, the through-solvent unimolecular rate constant k r . Raising the concentration even further may result in the formation of tight acid-base complexes through hydrogenbonding interactions. 106 Experiments in this concentration range may thus result in the measurement of the most inner proton-transfer rate constant. 88 This three-stage reaction scheme is consistent with the observation of Eigen and Weller of the large contact distance found in many diffusioncontrolled acid-base reactions. For example, the selfneutralization reaction of water (OH Ϫ ϩH ϩ →H 2 O) was found by various groups to proceed with an apparent large reaction distance of 6 -8 Å as in Refs. 11, 33, and 107. Similar values of contact distance were found in studies of ground-state acid-base reactions 2, 11, 12 and in excited-state photoacid proton dissociation. 13, [72] [73] [74] [75] [76] 105 Other possible reaction pathways for proton transfer, which may also take our observations into account, should also be considered. The proton may be transferred from the acid to the base concertedly through the solvent, or by moving sequentially in a von Grotthuss-type fashion ͑Fig. 16͒, through the hydrogen-bonding network connecting between the acid and base. 54 The first mechanism should be regarded as purely through solvent, without an additional inner step. The second mechanism contains at least one additional inner proton transfer stage, even though in this reaction scenario the acid and base, although connected by hydrogen bonds, are not in direct contact to each other, unlike we have outlined in Scheme 2.
The research of the various mechanisms by which the proton is transferred between proton acids and proton bases in aqueous solutions has been receiving important support from recent theoretical investigations. Ando and Hynes 108 studied the HF dissociation-recombination reaction and concluded in favor of a three-stage proton-transfer reaction. They have found the concerted reaction mechanism upon diffusional encounter to be energetically unfavorable compared to a stepwise proton-transfer reaction. A similar conclusion was drawn by the same authors in the study of HCl and HBr proton dissociation reaction. 41, 109, 110 Geissler et al. 35 showed that proton transfer along preexisting hydrogen bonds in water may be as fast as 100 fs even for the very weak acid H 2 O. In the present study we have demonstrated that time-resolved IR spectroscopy is an exquisite tool towards achieving the goal of elucidating experimentally this long-standing paradigm of solution chemistry. The proton transfer mechanism between aqueous Brønsted acids and bases, forming an encounter pair, has been studied in real time with ultrafast infrared spectroscopy. The transient intermediacy of a hydrated proton, formed by ultrafast dissociation from an optically triggered photoacid proton donor ROH, is implicated by the appearance of an infrared absorption marker band before protonation of the base, B j . Thus, proton exchange between an acid and a base in aqueous solution is shown to proceed by a sequential, von Grotthuss-type, proton-hopping mechanism through water bridges. The spectra suggest a hydronium cation H 3 O þ structure for the intermediate, stabilized in the Eigen configuration in the ionic complex RO
Sequential Proton Transfer
Although aqueous proton transfer is one of the most fundamental chemical reactions (1), many molecular details remain elusive. Water mediates the transfer of a proton through membrane protein proton channels (2-4) and in the photosensor green fluorescent protein (5, 6). These proton channels function by a sequential hopping of protons through proton wires consisting of amino acid side groups and water molecules. A sequential proton transfer is also at the heart of the von Grotthuss mechanism of anomalously high proton mobility in water (7). Water is considered to play a key role in aqueous acid-base neutralization reactions, where a proton is exchanged between an acid and a base, forming the conjugate base and conjugate acid, respectively. Theory suggests that water facilitates an efficient charge separation when the proton leaves the acid (8-10). Here, we show compelling experimental evidence that water also functions as a proton transfer bridge between an acid and a base, thereby stabilizing both acid and base while moving the proton along. Infrared (IR) spectroscopy has been a useful tool to determine the structures of acids and bases in liquid solution from characteristic vibrational marker modes. However, it remains challenging to identify the hydrated proton in room-temperature aqueous acidic solutions, even at low pH (11), because the steady-state infrared spectrum is the result of hydrated proton species with strongly varying configurations. In particular, two different structures for hydrated proton species have been pro- 3( 12) . Even in the gas phase, a theoretical analysis of vibrational band patterns of hydrated proton clusters is not trivial (13) (14) (15) (16) (17) . Experimentally, a recent study of such clusters has clarified how the hydration environment influences the infrared-active vibrational resonances of the hydrated proton (18) . In liquid solutions at room temperature, on the other hand, a continuous dynamical exchange between all configurations exists (19) (20) (21) . As a result, the description of the extremely broadened steady-state IR spectrum of concentrated acid solutions (11, 22, 23 ) and the possible underlying microscopic structures of the hydrated protons in solution phase remain debated subjects.
Proton transfer dynamics between acids and bases in aqueous solution may involve different reaction pathways and dynamics, depending on the absolute and relative reactivities and the geometries of the reactants and the number of water molecules in between acid and base and their relative orientations. The inherent complexity of aqueous acid-base reactions has been analyzed by Rini et al. (24, 25) , who reported on three different types of acid-base reaction pathways in aqueous solution: In the case of tight acid-base complexes, where proton donating and accepting groups are directly linked, transfer of a proton is ultrafast, accompanied by only modest rearrangements of surrounding solvent shells. For loose (solvent-separated) complexes, where proton donating and accepting groups are linked by an intermediate water bridge, proton transfer may be largely controlled by the solvent. Substantial reorganization of solvent shells either produces a tight complex or else stabilizes the charge transport over larger distances when the proton is channeled through a water bridge. In the third type, at low base concentrations, the acid and base molecules are initially separated by a substantial distance and must diffuse together, forming an encounter pair, before proton transfer can occur. In this case, the diffusion step is rate-limiting.
Use of a photoacid enables study of these different proton transfer pathways in real time. An optical trigger, the pump pulse tuned at the electronic transition of the photoacid, causes a pK a (where K a is the acid dissociation constant) jump of 6 to 7 units in the photoacid, initiating the proton transfer reaction. A probe pulse tuned in the mid-infrared then monitors the reaction progress of both proton-donating and proton-accepting molecules (24, 25) .
For the aqueous neutralization reaction between pyranine (8-hydroxy-1,3,6-trisulfonatepyrene or HPTS) and acetate ( j OAc) in D 2 O, Rini et al. have found that tight HPTSIII j OAc complexes transfer the deuteron within 150 fs (time resolution in the experiments), whereas encounter complexes formed after mutual diffusion react with an effective first-order time constant of about 7 ps (24, 25). A more detailed analysis of the kinetics of the proton transfer reaction to the acetate base at 1 to 4 M base concentration (25) has suggested the existence of an additional population (about 7% at 1 M) of preformed solventseparated (loose) acid-base complexes that transfer the proton with a 6-ps time constant, similar to the proton transfer rate of encounter complexes formed by diffusion. Therefore Rini et al. inferred that the encounter reaction pairs must consist of loose water complexes of the type HPTSIII(D 2 O) n III j OAc without being able to specify the number n of water molecules linking HPTS and j OAc or to elucidate details of the transfer dynamics of this complex.
To reveal finer details on aqueous acid-base reactions and in particular to elucidate the nature of these loose complexes, we have explored the carboxylic base family j OOC-CH (3-x) Cl x because it offers a simple way to tune reactivity: with increasing number x of chlorine atoms, the basicity decreases EpK a 0 4.75 for acetic acid and pK a 0 2.7 for monochloroacetic acid (x 0 1)^. Lower basicity results in a decrease in reaction exothermicity and slower proton transfer rates, opening the possibility of observing intermediates during the reaction. Here, we present results obtained for the reaction of HPTS with monochloroacetate ( j OOC-CH 2 Cl, abbreviated as j OAc-Cl) (26) . The advantage of the base j OAc-Cl over j OAc in solutions with molar base concentrations is threefold: The fraction of water-separated loose complexes is larger, the IR transmission for frequencies near 1435 cm j1 is sufficient for detection of the onset and the rise of a HPTS photobase marker band (Fig. 1) , and slower proton transfer rates offer a longer window of observation.
We monitored a sequential proton-hopping mechanism in the loose complexes of HPTSIII(H 2 O)III j OAc-Cl by following specific vibrational marker modes with femtosecond IR spectroscopy. In particular, we detected the transient IR-active absorption band of the hydrated proton and found it to be the marker band of the intermediate species in contact acid-base reactions: The transient appearance of the absorption of the hydrated proton is sequentially correlated with the transient disappearance of reactant and the appearance of product bands.
For solutions in D 2 O, we observed the following IR-active vibrational marker bands of HPTS in the electronically excited state ( Fig. 1): The decay of the photoacid (HPTS) band at 1486 cm j1 and the simultaneous rise of the conjugate photobase (HPTS j ) band at 1435 cm j1 indicate when the deuteron leaves the photoacid (27) . The electronically excited states of HPTS and HPTS j decay with lifetimes of 4.8 and 5.3 ns, respectively, and thus have no influence on the dynamics discussed here. The rise of the carbonyl stretching band of chloroacetic acid (HOAc-Cl) at 1725 cm j1 marks the arrival of the deuteron at the base. Importantly, a previously unobserved transient absorption band located at 1850 cm j1 revealed the presence of an intermediate hydrated deuteron when the deuteron was channeled through the water bridge (Fig. 2B) . This observation was corroborated by the detection of the corresponding, isotope-shifted, hydrated proton band at 2570 cm j1 in H 2 O solutions ( Fig. 2A) .
We observed the decay of the photoacid band at 1486 cm j1 and the rise of the conjugate photobase band at 1435 cm j1 on multiple time scales (Fig. 1, B to D) . In contrast to the situation in pure D 2 O (no base added, Fig. 1A ), about 20 T 5% of the photobase signal appears for 1 M j OAc-Cl within our time resolution of 150 fs (Fig. 3A) , indicating prompt deuteron dissociation for this fraction of HPTS molecules. Because uncomplexed HPTS does not dissociate on this time scale in D 2 O (28), the dissociation should be caused by nearby base molecules. However, unlike the case with the stronger j OAc base (24, 25) , no significant signal from the C0O stretching vibration of chloroacetic acid is detected for 1 M j OAc-Cl base concentration until pulse delays of several picoseconds (Fig. 1, C and D, and Fig. 2B ). It appears that the deuterons already dissociated from HPTS within 1 ps after excitation are located on water molecules: Concomitant with the initial rise of the photobase, we observe a broad and well-defined band appearing within time resolution at 1850 cm j1 , indicating the transient existence of hydrated deuterons. We compare the location of this band with 1 M j OAc-Cl measurements in H 2 O (Fig. 2A) . The appearance of a transient band at 2570 cm j1 is in full accordance with a H-D isotope effect of the hydrated proton or deuteron band, revealing that the band is likely due to an O-H or O-D stretching transition.
We exclude the possibility of a transient response of the O-H stretching band of HPTS in its photoacid form, because in D 2 O we did not observe a signal within signal-to-noise around 1850 cm j1 and in H 2 O we have detected a weaker featureless response with different transient dynamics (29) . Moreover, we measured the neutralization dynamics of HPTS with acetate ( j OAc) in D 2 O with improved sensitivity (Fig. 2C) . Consistent with previous estimations (25) , the C0O stretching band of acetic acid reveals two types of acid-base complexes: 24% of the HPTS population form tight complexes that promptly transfer the deuteron to the acetate base, and a small fraction (È7%) of the HPTS population form loose HPTSIII(D 2 O)III j OAc complexes. These loose complexes also give rise to the hydrated deuteron band at 1850 cm j1 , although it decays much more rapidly than the corresponding hydrated deuteron band we monitor with the j OAc-Cl base.
Because the base-induced dissociation of the excited photoacid occurs within 150 fs, the proton-accepting base must be close to the photoacid, implying a limited number of water molecules in between acid and base (i.e., n È 1). Comparison with previously reported IR spectra of hydrated proton species in well-defined surroundings (18, (30) (31) (32) (33) (34) (29, 35) . These solvent rearrangements also enable the hydronium ion to transfer the deuteron in a second step to the base j OAc-Cl. When comparing the magnitude of the D 3 O þ band at early delays with the final value reached by the C0O stretching mode, we can calculate the extinction coefficient of the D 3 O þ band to be e max È 900 M j1 cm j1 . Such a value lies in the typical range for O-H or O-D stretching vibrations, even when taking into account the initial decrease in magnitude by a factor of 2 due to solvent reorganization.
R E P O R T S
On longer time scales, the D 3 O þ band disappears completely, whereas the C0O stretching band of DOAc-Cl as well as the conjugate photobase band at 1435 cm j1 reach their full magnitude. Because the observed dynamics are determined by different species in solution, we can obtain a consistent interpretation only by analyzing the dependence on base concentration. While keeping the HPTS concentration fixed at 20 mM, we varied the concentration of the base j OAc-Cl in the range from 0.5 to 3 M. In this concentration regime, we adjusted the relative concentration of the loose HPTSIII(H 2 O)III j OAc-Cl or HPTSIII(D 2 O)III j OAc-Cl complexes. The most important outcome of the concentrationdependent measurements is the finding that the dynamics of the hydrated proton band of these complexes are independent of base concentration, whereas the amplitude of the signal scales linearly with base concentration (Fig.  3B) . At the highest concentrations, we also observed significant signal contributions of tight HPTSIII j OAc-Cl complexes, whereas at the lowest base concentrations the signal contributions are dominated by the fully separated HPTS and base and the acid-base population then shows diffusion-controlled reaction dynamics.
We have modeled the reaction dynamics of the intermediate species with a kinetic mechanism of acid-base proton transfer by using the reacting model in Eq. 1 (26) , which is a variant of the Eigen kinetic scheme for general acid-base reactions (12) (8, 9) . For comparison, the proton transmission through water also occurs by sequential hopping to neighboring water molecules (7, 19, 21, 36) . Both for proton transmission in neat water and for hydrogen halide dissociation, the primary and secondary accepting sites are water molecules. In our experiment we have chemically distinct reaction partners on the primary (water) and secondary (base) accepting sites. Optically triggering the proton transfer in our experiment reveals the time scales of these sequential stages of aqueous proton transfer. Whereas the first proton or deuteron transfer step is faster than 150 fs, indicating a preexisting reaction coordinate with an almost barrierless reaction dynamics, the second transfer takes much longer. The HPTS j III(D 3 O þ )III j OAc-Cl complex is relatively long lived, with lifetimes of several tens of picoseconds (37) contrasting with the È1 ps lifetimes of the hydrated proton H 3 O þ in liquid water (4) as estimated from nuclear magnetic resonance studies (38) and from theoretical investigations (20, 21) . 
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Materials and Methods
We used the second harmonic of a home built 1 kHz 
Kinetic Modelling of the Experimental Results
We modelled the observed reaction dynamics using the assumption that at the time of photoacid electronic Table S1 the relative fractions are given of the three different photoacid configurations present at the time of electronic excitation of the photoacid. In Table S2 
Introduction
Photoacidity, the property of light-absorbing molecules that are more acidic in the excited electronic state than in the ground state, has been a long standing subject of research. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Photoacids are known to donate a proton in aqueous solutions, or even in less polar solvents in the case of enhanced photoacids, where electron-withdrawing groups, such as cyano, sulfonate or perfluoroalkylsulfonyl groups, have been introduced. [7] The mechanism of the excited-state proton transfer (ESPT) to water, which typically occurs with relatively slow pace on time scales of tens to hundreds of picoseconds, [6] remains unclear. Several models for the molecular origins of photoacidity have been proposed in which either the optically accessible excited state is directly responsible for the photoacidity [two-state charge-transfer (CT) model; Figure 1 Traditionally the nature of the acidity of the photoacid S 1 state has been ascribed to intramolecular charge transfer from the nonbonding orbital of the hydroxyl oxygen to the aromatic ring p* orbital. [11] [12] [13] [14] [15] The Coulombic repulsion between the partial positive charge on the O atom and the H atom is then considered to lead to the enhanced acidity in the S 1 state. In this picture the excited state proton transfer dynamics, controlled by barrier crossing, is described by a two-state model (Figure 1 a) , where an optically excited photoacid state converts into an excited conjugated photobase upon proton transfer. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] A second model invokes the occurrence of and the internal conversion between nearby lying electronic excited levels of the photoacid (Figure 1 b) . Typically two spectroscopically accessible states can be reached for aromatic molecules upon electronic excitation, either with light polarized along the through-bond axis ( We investigate with femtosecond mid-infrared spectroscopy the vibrational-mode characteristics of the electronic states involved in the excited-state dynamics of pyranine (HPTS) that ultimately lead to efficient proton (deuteron) transfer in H 2 O (D 2 O). We also study the methoxy derivative of pyranine (MPTS), which is similar in electronic structure but does not have the photoacidity property. We compare the observed vibrational band patterns of MPTS and HPTS after electronic excitation in the solvents: deuterated dimethylsulfoxide, deuterated methanol and H 2 O/D 2 O, from which we conclude that for MPTS and HPTS photoacids the first excited singlet state appears to have charge-transfer (CT) properties in water within our time resolution (150 fs), whereas in aprotic dimethylsulfoxide the photoacid appears to be in a nonpolar electronic excited state, and in methanol (less polar and less acidic than water) the behaviour is intermediate between these two extremes. For the fingerprint vibrations we do not observe dynamics on a time scale of a few picoseconds, and with our results obtained on the OÀH stretching vibration we argue that the dynamic behaviour observed in previous UV/Vis pumpprobe studies is likely to be related to solvation dynamics. For aromatic molecular systems such as indoles, [27] [28] [29] [30] [31] [32] [33] tryptophane, [34] or pyrene derivatives [35] internal conversion between these 1 L b and 1 L a levels has been suggested in the interpretations. For 1-naphthol [36, 37] 
L a transition is considered to be the ESPT-determining step [9, 38, 39] In contrast, in a recent combined experimental/theoretical study of ESPT of pyranine [40] [41] [42] the rate determining step is not the conversion from the optically accessible locally excited (LE) state (or alternatively the 1 L b state), to the second photoacid electronic excited n-p* CT state (or 1 L a state), but the transition of the photoacid CT to photobase CT states.
A third model, where rather excited state hydrogen transfer (ESHT) is supposed to occur [43, 44] (Figure 1 c) , has recently emerged from excited-state dynamics studies of gas-phase phenol clustered with ammonia or water molecules. [10] In this model it is argued that due to a level crossing between the initially excited 1 pp* state and a 1 ps* state a migration of an electron occurs from the photoacid to the solvent, followed by the proton of the hydroxyl group, with a net transfer of a hydrogen atom as a result. Modelling photoacidity as ESHT has also been used to explain an experiment where donor and acceptor groups are connected through a wire of ammonia molecules. [45] A conical intersection of the 1 ps* state with the S 0 state leads to an efficient internal conversion pathway for phenol-ammonia clusters. Net proton transfer on the other hand should involve at least one more step with an electron back-transfer to the photoacid, producing the photobase and solvated proton as separate species.
Herein, we investigate the excited state photoacidic properties of pyranine (8-hydroxy-1,3,6-trisulfonate pyrene; HPTS) in liquid solution (see Figure 2) . In Figure 3 , the electronic absorption and emission spectra of HPTS are shown for the solvents dimethylsulfoxide, methanol and water. In particular for water, mirror symmetry between the absorption and emission bands of HPTS is absent, hinting at strong rearrangements in the excited state. A solvatochromic study of HPTS in a variety of solvents has been performed where the absorption and emission frequency shifts were interpreted assuming excitation and emission from a single electronic state. [46] In another study of solvatochromic properties of absorption and emission bands of HPTS [41] and the time-resolved UV-pump/Vis-probe study [40] by Thran-Thi et al., the conclusion has been drawn that the observed features can be explained by the three-state LE-CT model, with the LE( hydrogen bonding. We excite HPTS either close to the electronic origin around 400 nm or with vibrational excess energy at 350 nm. From this we estimate the importance of possible contributions of the LE( 1 L b ) and CT( 1 L a ) states to the observed electronic absorption bands and related dynamics. We report the transient infrared bands of the photoacid, and their associated dynamics under the different excitation conditions. For comparison we also investigate the dynamics of 8-methoxy-1,3,6-trisulfonate pyrene (MPTS) in the same solvents (Figures 2  and 3) . MPTS is very similar to HPTS from an electronic structural point of view (same level structure and similar energetics). In addition, possible hydrogen-bonding dynamics are expected to be similar at the sulfonate side groups. However, the difference between MPTS and HPTS lies in the photoacidity property only present for the latter compound. From this comparison we can derive possible contributions to the observed transients by hydrogen-bonding dynamics at either the sulfonate or the hydroxyl groups.
Experimental Section
In the femtosecond mid-infrared experiments we used 15-20 mm solutions of HPTS (pyranine, or 8-hydroxy-1,3,6-trisulfonate pyrene, Aldrich) or of MPTS (8-methoxy-1,3,6-trisulfonate pyrene; Fluka) in D 2 O, CD 3 OD, (CD 3 ) 2 SO (Deutero, 99.8 % deuteration grade) when exciting in the electronic origin at 400 nm. We used a concentration of 30-40 mm when exciting in the wing of the electronic band at 350 nm. We excited a 100 mm thick jet or a home-built rotating sample cell consisting of 1 mm thick CaF 2 windows with a 100 mm thick teflon spacer containing the sample solutions with the second harmonic of a home built 1 kHz amplified Ti:sapphire laser system (wavelength 400 nm, pulse duration 55 fs, energy 3-7 mJ, spot diameter 200 mm) or with pulses centred at 350 nm (pulse duration 50 fs, energy 1-3 mJ, same spot diameter) generated by sum-frequency mixing of the fundamental with visible pulses obtained with a noncollinear parametric amplifier. [47] Tunable mid-infrared probe pulses of 100-150 fs duration were generated by difference frequency mixing of signal and idler pulses from a near-infrared optical parametric amplifier. [48] After spectral dispersion with a polychromator the probe pulses were detected by a multichannel detector for the mid-IR. The whole pump-probe setup was purged with nitrogen gas to avoid spectral and temporal reshaping of the mid-IR pulse by the absorption of water vapour in the air. The time resolution was determined to be 120-140 fs based on cross-correlation measurements between UVpump/IR-probe pulses and on estimations of group velocity mismatch between the UV and IR pulses. At intense excitation conditions often a strong transient absorbance signal due to multiphoton absorption effects was observed, decaying with a time constant of about 300 fs. Since this multiphoton-induced signal appears to be frequency-independent, effectively leading to a floating baseline, we were in this case also able to detect the narrow spectral features of the transient infrared-active vibrations as early as 100-150 fs. In order to interpret the experimental results, we performed theoretical calculations of vibrational spectra at optimised structures for HPTS (in photoacid and in conjugated photobase forms) and for MPTS. We applied density functional theory [B3LYP/6-31 + G(d,p)] methods as implemented in Gaussian 98. [49] 2. Experimental Results
Ground-State Vibrational Spectra of MPTS and HPTS Photoacids and Photobases
In Figures 4 and 5 we compare the experimental IR spectra of MPTS and of HPTS in H 2 O/D 2 O with the calculated ground- Table 1 ). Note that the calculated IR band pattern shows marked intensity variations depending on the HPTS conformer as given by the relative orientation of the hydroxy group with respect to the aromatic ring. The calculations indicate a small energy difference between the two conformers of about 75 cm À1 , with the up-conformer being the more stable one. The relative stability of the two conformers will probably be solvent dependent, but we expect that both conformers will be present in significant amounts in all solvents used in the experiments. In addition we show the IR spectra for the conjugate photobase of HPTS in Figure 6 , that has been measured in a solution of HPTS in 0.02 m NaOH. From the calculations we learn that the following grouping of bands in the fingerprint region can be made. The vibrational transitions of modes involved in motions of the sulfonate groups are found between 950-1100 cm À1 (ArÀSO 3 À stretching modes) and between 1100-1250 cm
À1
(SÀO stretching modes). These modes do not change their characteristics significantly when the HPTS photoacid converts into the conjugate photobase. Modes predominantly involving aromatic ring deformations, and modes where the CÀO stretching and aromatic ring deformation vibrations participate are found in the range of 1250-1650 cm
. From the calculations we learn that no isolated CÀO stretching vibration occurs for the HPTS photoacid, and the same applies for the photobase. However, since a transition from photoacid to photobase due to proton transfer is accompanied by a change in the electronic charge distribution, the vibrational transitions due to modes with CÀO stretching content will change in the frequency position and absorption cross-section. [50, 51] This is most pronounced when comparing the IR spectra of the groundstate HPTS photoacid and photobase in the frequency range between 1450-1600 cm À1 .
Despite a rescaling of the calculated frequencies an entirely satisfying correspondence between experiment and theory cannot be reached for all transitions. The reason for that lies in the frequency changes induced by hydrogen bonding, where vibrational motions involving either the sulfonate or the hydroxy groups will be affected when a hydrogen bond is formed with the solvent, whereas vibrational modes that comprise aromatic ring nuclear motions only are expected to remain relatively unchanged. . Since only the vibrational modes of MPTS involving the sulfonate groups will be affected by hydrogen bonding (with hydrogen donors such as methanol or water), only these bands may have substantial solvent shifts. The vibrational modes of the aromatic ring and/or methoxy side group in MPTS will not change their characteristics due to hydrogen bonding. This is different for HPTS, where besides several vibrational bands of the sulfonate side groups also vibrational transitions, where the hydroxy group is involved show substantial influence of the solvents used. In the case of the HPTS photoacid the hydroxy group will form a hydrogen bond with the hydrogen acceptor dimethylsulfoxide and in the case of methanol and water either by hydrogen donating or accepting with solvent molecules. For the HPTS photoacid thus larger solvent-induced frequency shifts (as well as absorbance changes) occur in the frequency range of 1250-1700 cm
, depending on the hydrogen-bonding capability of the solvent. Care must thus be taken when interpreting solvent-induced frequency shifts and band strengths in the timeresolved experiments presented in the next section.
Transient Vibrational Dynamics of MPTS and HPTS Photoacids after Electronic Excitation
We have investigated the response in the OÀH stretching region for HPTS in DMSO and in H 2 O (Figures 8-11 ). In the case of DMSO we have observed a transient absorption band be- , that appears within time resolution. We assign this transient band to the OÀH stretching band of HPTS in the excited state. This absorption must be overlapping with the OÀH stretching band in the ground state in frequency position. The absorption cross-section of the OÀH stretching band in the electronic excited state must be significantly larger than that in the ground state, as we do not observe bleaching contributions in the transient response that can be associated with the disappearance of ground state population. The transient band rearranges in shape, frequency position, and magnitude, with temporal components of 300 AE 200 fs, 4 AE 2 ps and 150 AE 50 ps (Figures 9 and 10 The transient spectra show a solvent dependence for both MPTS and HPTS (see Figure 12 ). Marked differences between these transient spectra can be noted. In the case of MPTS and HPTS the spectra obtained for [D 6 In the case of [D 6 ]DMSO and MeOD there is no evidence for proton/deuteron transfer occuring within the electronic excited state lifetime of HPTS. This is in accord with HPTS being a much weaker acid when in the electronic ground state, and consequently also in the excited state in these solvents than in the case of water. Any changes in signal strengths occuring on longer time scales are the consequence of rotational diffusion. The same applies for the recorded signals for MPTS in all three solvents, where proton transfer is not possible. In contrast, for HPTS proton (deuteron) transfer takes place with a time constant of about 90 ps (250 ps) in H 2 O (D 2 O). As a result, the transient bands of the HPTS photoacid change their magnitude not only because of rotational diffusion, but also because it converts into the conjugate photobase, as indicated by an ingrowth of photobase bands. We have reported in a previous acid-base neutralization study [50] how changes of the transient spectrum of HPTS in the range around 1500 cm
À1
, where the strongest bands of the excited state photoacid and photobase species occur for the upper half of the fingerprint region, indicate the transition from the photoacid to the photobase, when a deuteron transfer to an accepting base takes place.
The (Figures 8-11 ) reveal two important properties of the excited states of HPTS. It is well known that the IR-active band of the OÀH stretching oscillator provides a direct probe of the strength of the hydrogen bond. [52, 53] The larger the red-shift, accompanied by larger broadening and larger cross-section, the stronger the hydrogen bond of the OÀH group with hydrogen acceptors. In the case of HPTS in the excited state dissolved in DMSO we observe an OÀH stretching band that appears around 3400 cm À1 , typical for weak hydrogen bonds such as those in water, and alcohols. We are able to observe this band only because of higher IR cross-sections for the OÀH stretching vibration in the electronic excited than in the ground state of HPTS. This may hint at an increase of hydrogen bond interaction of the photoacid upon electronic excitation. Interpretation of electronicstate-dependent changes in vibrational cross-sections, however, have to be taken with care, as shown in a recent study of hydrogen-bond interactions of a coumarin dye with phenol molecules affected by electronic excitation of the coumarin chromophore. [54] After appearance of the transient OÀH stretching band we observe a broadening and slight upshifting of this band with 300 AE 200 fs and 4 AE 2 ps time constants. This observation indicates a rearrangement of the hydrogen bond of HPTS with the solvent DMSO molecules, that we ascribe to solvation dynamics that is also expected to occur on these time scales. The change in magnitude of the transient OÀH band with the long time component of 150 AE 50 ps is caused by rotational diffusion of HPTS.
In contrast, although we cannot probe the 2850-3700 cm . In addition we can exclude a transient response of "hot" water molecules in the first solvation shell that would be generated after vibrational energy dissipation from HPTS to the solvent. The reason for this is that "hot" water molecules would exhibit a blue-shifted OÀH stretching response (as a consequence of a weakened hydrogen bond in these "hot" molecules), [53] and a decrease of transient absorbance would result in the low-frequency wing of the OÀH stretching band of water. In contrast we observe an increase of transient response within time resolution and, thus, this signal indicates the OÀH stretching transition of HPTS in the electronic excited state. This implies a significant enhancement of the hydrogen bond strength of the OÀH group of HPTS in H 2 O compared to HPTS in DMSO, resulting in the occurrence of medium-strong hydrogen bonds with more red-shifted OÀH stretching absorption. [52] This points at a change in electronic structure of HPTS in water compared to the situation of HPTS in DMSO. A mechanistic view of such a solvent mediated level structure of HPTS has been considered by Tran-Thi et al.. [40, 41] In this model a stronger acidity is expected in the CT( The magnitude of the response of the OÀH stretching oscillator of HPTS in H 2 O is observed to decay in a multiexponential fashion. We ascribe again the 300 AE 200 fs and 3.0 AE 1.5 ps components to solvent rearrangements affecting the hydrogen bond of HPTS with nearby H 2 O molecules. The decaying behaviour at long pulse delays with 90 AE 30 and 200 AE 50 ps time components are caused by the proton transfer to the solvent and rotational diffusion. A small remaining signal at even longer pulse delays might be due to the OÀH stretching oscillators of water molecules hydrogen bonded to the HPTS conjugated photobase species.
In contrast, we do not observe any changes in frequency position of the vibrational patterns in the fingerprint region for MPTS and HPTS in the electronic excited state in all solvents investigated from 150 fs (our time resolution) up to 20 ps (Figure 12 Summarizing this section, we conclude that both the OÀH stretching region of HPTS and the fingerprint regions of HPTS and MPTS reveal the occurrence of a solvent-affected electronic excited-state structure of HPTS and MPTS.
Excitation with Vibrational Excess Energies
An additional question that may be tackled in the photodynamics of HPTS is whether the absorption band between 320-430 nm is due to one electronic transition, or as suggested by the three state models it is the result of two electronic transitions with absorption cross-sections of similar magnitudes. Figure 13 we observe IR-active vibrations that appear red-shifted because of anharmonic coupling with these initially highly populated Raman-active modes. [55] [56] [57] Subsequently the excess energy in the Raman-active modes is redistributed over all vibrational modes by internal vibrational energy redistribution (IVR), expected to occur on sub-picosecond time scales for molecules as large as HPTS, establishing eventually a Boltzmann population distribution of the vibrational modes. This still holds when a level crossing occurs on a time scale shorter than 100 fs. [56] Additionally the molecules show vibrational cooling due to coupling to the nearby solvent molecules, that typically occurs on a time scale of 5-20 ps. [56, 57] The IR-active bands then blue-shift to the frequency position These findings thus strongly point to the case of an absorption band between 320-430 nm due to an electronic transition to a single electronic state. It is worth mentioning that in an investigation of the solvatochromic properties of HPTS only one electronic state was used. [46] Moreover, in a combined experimental and theoretical study of MPTS also one electronic state was regarded. [58] Finally, excess energy that is released after an electronic level crossing appears to be of minor magnitude, since for both H 2 O and DMSO solvents excitation of HPTS at 400 nm does not lead to major signatures in the transient spectra indicating spectral shifting due to IVR and subsequent cooling phenomena. This hints at an energy difference of less than 1000 cm À1 between the LE( 
Solvent-Dependent Electronic States in Pyranine
We now discuss our findings in the context of the proposed models for photoacidity. By comparison of the transient IR results of MPTS and HPTS we demonstrate the occurrence of two distinct solvent dependent electronic state configurations. The choice of solvent determines which electronic state configuration dominates. Since the photobase form of HPTS appears with a time constant of 90 ps (250 ps) in H 2 O (D 2 O), the existence of two excited electronic states are related to the photoacid form of HPTS. These two distinct states are reached within our time resolution of 150 fs in the three solvents we have used in our study. Using our time-resolved IR spectra only we cannot determine whether the electronic excited states that we observe from 150 fs onwards are identical to the states initially reached by the absorption of a photon, or if a level crossing occurs in, for example, water within 150 fs. In any case, from the observation of at least two distinct excited electronic states of the photoacid form of HPTS we can exclude the simple (solvent-independent) two-state model that has historically been proposed first. We can also exclude the assignment of the two electronic excited states for MPTS and HPTS as observed in the three solvents [D 6 ]DMSO, MeOD and D 2 O to the levels proposed to play a role in the ESHT model. In this model a level crossing occurs between the optically excited 1 pp* to a 1 ps* state where both an electron and a proton have been transferred to the solvent. Since we observe similar phenomena in MPTS and in HPTS, whereas clearly MPTS is not able to exhibit a net hydrogen transfer to the solvent, a 1 ps* state is not considered to play a role in the solvent-dependent electronic state change. We note however, that this conclusion does not exclude the involvement of a 1 ps* state in the final step, where the photoacid converts to the photobase while donating a proton (deuteron) to the solvent. This process occurs clearly with much longer time constants of 90 ps (250 ps) in H 2 O (D 2 O), and is not considered to play a role in the phenomena on (sub)picosecond time scales discussed here.
Based on these findings we cannot support but also not exclude a nonadiabatic electronic state change in MPTS and in HPTS photoacid, from LE( [40, 41] This change may indeed occur in water, but not on a time scale of 2 ps. The dynamics of the electronic excited states on the 2 ps time scale as found with UV-pump/Visprobe spectroscopy are unlikely due to electronic state level crossing, but supposedly caused by solvation dynamics of the solvent. Although Tran-Thi et al. ascribed only a 300 fs time component to solvent reorganization, we argue that solvation dynamics of water, typically taking place on a multitude of time scales extending from a few tens of femtoseconds to several tens of picoseconds [59] [60] [61] [62] [63] is responsible for the reported 2 ps component as well. We remark here that the effects of solvation dynamics on the optical transitions of HPTS are not straightforward. We have undertaken a detailed analysis, to be published elsewhere, of the time dependence of the oscillator strength of the excited state of HPTS in terms of time-dependent overlap between the transient absorption and stimulated emission bands, that is controlled by solvent relaxation. This results in a gradual increase in the overlap of excited state absorption and stimulated emission bands and in a gradual decrease of apparent (integrated) absorption band, akin to the situation found in structurally related 8-hydroxpyrene-1,3,6-trisdimethylsulfonamide (HPTA). [64] In contrast, we argue that if an electronic level change takes place in H 2 O/D 2 O, it should occur faster than with our time resolution, whereas this state inversion does not take place in [D 6 [9, 38] is a better description for HPTS and MPTS. Originally proposed [9, 38] to explain the spectra of 1-naphthol in small ammonia clusters where excited-state proton transfer from 1-naphthol was observed, this model describes the S 1 and S 2 states of 1-naphthol in ammonia as being made of 1 L b and 1 L a states that are strongly mixed with each other. This means that the original orthogonallity of the two L states found in the parent molecule naphthalene is lost by the combined action of the OÀH substituent at the alpha position of the naphthalene ring and by strong-polar interactions with the solvent. The two close lying singlet states then strongly interact with each other and mix. The extent of level mixing generally depends on the relative oscillator strength of the two transitions, the energy gap between the unmixed levels and the magnitude of the matrix element that mixes them. In this model the initial photoexcited state (the LE state) evolves adiabatically on the S 1 surface without level crossing. This evolution is mainly of intramolecular vibrational redistribution character.
A similar situation may prevail in HPTS and MPTS because of, apart from the presence of the OÀH group, the combined action of the three sulfonate groups that are located at the 1,3-and 6-positions of the pyrene moiety and their interactions with polar solvents. Turning to HPTS and MPTS in solution, one thus needs to include this additional ingredient in the modeling, namely the extent of the L a character as the solvent relaxes around the excited-state configuration of the photoacid. This evolution is likely to be ultrafast, dominated by the inertial part of solvent relaxation that usually makes up the major fraction of the relaxation. Furthermore, we note that the transient response of the OÀH group may also be involved in this adiabatic change in the electronic state configuration. Dynamics of hydrogen bond interactions induced by electronic excitation have been shown to occur on sub-100 fs time scales with vibrational spectroscopy of hydrogen-bonded complexes of coumarin 102 [54, [65] [66] [67] and with electronic spectroscopy of 8-hydroxpyrene-1,3,6-trisdimethylsulfonamide (HPTA), [64] and are below the time resolution of our current experiment.
The electronic structure of HPTS and MPTS is likely to be even more complex, with the two lower excited singlet states mixing not only with each other, but also with higher electronic levels including CT levels. In particular, HPTS is an example for a photoacid where charge transfer is considerably stabilized by intermolecular hydrogen-bonding interaction in a "pushpull" fashion: The sulfonate groups act on the "pull" side and this action is stabilized by proton-donating solvents, while at the OÀH side hydrogen-bonding interactions with proton-accepting solvents help to "push" negative charge away from the hydrogen atom toward the pyrene ring. Amphoteric polar solvents such as water and methanol are thus expected to enhance the CT character of the S 1 state of HPTS not only by nonspecific polar interactions but also by the combined action of their hydrogen-bonding interactions with the photoacid.
In Figure 14 we have attempted to analyze the absorption spectra of HPTS by the sum of two Pekarian functions [68] [69] [70] that were found to be the minimum number needed to simulate the absorption spectra. A similar procedure was previously used to model the 1 L b and 1 L a transitions of 1-and 2-naphthols. [39] Interestingly, in aprotic DMSO (Figure 14 b ) the lowenergy Pekarian already resembles more a transition to a 1 L a than to a 1 L b state as judged by the appearance of the vibronic features (spacing of about 1220 cm À1 and width at half maxi- mum of the first vibronic feature of about 700 cm À1 ) in the absorption spectra. [71] The high-energy Pekarian appears featureless and consists of a much larger area than the low-frequency one. In H 2 O the two Pekarians cover roughly the same area and seems to have changed toward a more common structure: The low-energy Pekarian becomes less structured while the high-energy Pekarian becomes more structured. Methanol (Figure 14 c) seems to be a case in between the DMSO and H 2 O extremes. The spectral analysis points to a solvent-dependent change in the shape of the absorption spectra of HPTS, as opposed to a simple overlap of two transitions with only their relative contributions to the overall absorption spectra being affected by the solvent. We conclude that the absorption spectrum of HPTS depends on the solvent in a complex way, confirming our main observations achieved with transient IR spectroscopy. Such complex solvent dependent level structure including vibronic changes is consistent with a level mixing scheme when one of the levels has CT properties. [72] Summing-up, according to the L a character. The extent of mixing also depends on the strength of the polar interactions with the solvent. One thus expects changes in both the absorption and fluorescence spectra of HPTS due to specific (mainly hydrogen bonding) and unspecific polar interactions with the solvent. Transient changes in the spectra are then expected to be caused by solvent relaxation around the LE state, but these transient changes are likely to be on the time scale of the inertial response of the solvent and do not involve level crossing. In water and methanol solvents this means transients on the sub-100 fs time scale, which can not be resolved with our experimental time resolution. The optical properties of the S 1 state, as judged by the structure and location of the electronic spectra of the S 1 state, are expected to change considerably and rather continuously as a function of solvent polarity. This seems a fair description of the optical spectra of HPTS that have been gathered to date in various solvents, including the optical spectra of HPTS that we have analyzed herein.
Conclusions
We have used femtosecond mid-infrared spectroscopy to follow the dynamics of IR-active vibrational band patterns of the photoacid pyranine (HPTS) in liquid solutions. We have investigated the methoxy derivative of pyranine (MPTS) for comparison. Our results demonstrate that this method unequivocally shows that in the aprotic solvent dimethylsulfoxide an electronic state is reached, supposed to be of local excitation (LE) character according to theoretical considerations, without further dynamical changes of the fingerprint vibrations. The transient OÀH stretching band indicates that HPTS forms a weak hydrogen bond with dimethylsulfoxide in the electronic excited state, that rearranges on (sub)picosecond time scales. In contrast, in the protic solvent water a different structure is reached after initial excitation of the LE state on a time scale faster than 150 fs, that likely has charge transfer (CT) character.
We allocate a transient response between 2400-2850 cm À1 to be due to the OÀH stretching oscillator of HPTS in H 2 O, forming a medium-strong hydrogen bond with water. We assign the decay of this signal at (sub)picosecond time scales to be due to solvent rearrangement. We expect that more insight into the structure of the excited states of HPTS and MPTS can be obtained when the observed vibrational band patterns are connected to quantum-chemical calculations of these states. These may shed light on the exact nature of the large solvent effect on the structure of the first electronic excited state of HPTS including the question whether solvent-induced level switching or solvent induced level mixing are the acting mechanisms responsible for the solvent effect.
